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INTRODUCTION 

The  goal  of  our  research  supported  by  the  USAMRMC  was  to  further  understand  the  molecular 
regulation  of  neuronal  death  and  to  identify  novel  neuroprotection  strategies.  This  objective  is 
fundamental  to  the  Department  of  Defense  and  military  operations  ranging  from  veteran  health  care  to 
combat  casualty  care.  This  objective  is  also  highly  significant  for  civilian  populations  as  it  relates  to 
sporadic  and  familial  neurodegenerative  disease  and  terrorism  situations.  Neuronal  degeneration  occurs  in 
many  acute  and  chronic  neurological  disorders  that  effect  humans  and  can  occur  in  civilian  and  military 
personnel  populations.  In  combat  settings,  acute  neurodegeneration  in  the  brain  and  spinal  cord  could 
occur  after  exposure  to  radiation  and  a  variety  of  neurotoxins,  including  excitotoxins  (e.g.,  glutamate 
receptor  agonists),  mitochondrial  poisons  (cyanide  and  3-nitroprpopionic  acid),  and  chemical  warfare 
agents  such  as  organophosphate  compounds  (soman)  and  mycotoxins  (T-2  toxin).  Acute  neurological 
injury  is  also  caused  by  trauma,  hypoxia-ischemia  (stroke  and  cardiac  arrest),  increased  intracranial 
pressure,  seizures  and  status  epilepticus,  with  secondary  brain  damage  resulting  from  hemorrhagic  shock, 
hypovolemia,  hypoxia,  hypoglycemia,  acidosis,  hyperthermia,  and  asphyxiation.  Chronic 
neurodegeneration  occurs  in  Alzheimer’s  disease,  amyotrophic  lateral  sclerosis  (ALS),  Huntington’s 
disease,  and  Parkinson’s  disease.  Veterans  of  the  Gulf  Wars  may  have  an  increased  incidence  of  ALS 
(Charatan,  2002). 

The  development  of  effective  neuroprotection  therapies  for  these  neurodegenerative  conditioris 
depends  on  a  better  understanding  of  the  principles  of  selective  vulnerability  within  the  central  nervous 
system  (CNS)  and  the  mechanisms  of  neuronal  cell  death.  Our  primary  goal  is  to  learn  about  the 
molecular  and  biochemical  regulation  of  neuronal  cell  death  using  animal  and  cell  culture  models  of 
neurodegeneration.  Cells  can  die  in  different  ways.  This  fundamental  idea  was  proposed  first  in  the  early 
1970s  (Kerr  et  al.,  1972;  Schweichel  and  Merker,  1973).  Historically,  the  death  of  cells  has  been 
classified  generally  as  two  distinct  types,  called  apoptosis  and  necrosis.  These  two  forms  of  cellular 
degeneration  were  originally  classified  differently  because  microscopically  they  differ  structurally.  The 
ordered  dismantling  of  selective  cells  by  apoptosis  (derived  from  a  Greek  word  for  ‘dropping  of  leaves 
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from  trees’)  contrasts  with  the  indiscriminant  destructiveness  of  necrosis.  Cell  death  resulting  from 
cytoplasmic  swelling  and  karyolysis  has  been  classified  traditionally  as  necrosis.  Currently,  the  Society  of 
Toxicologic  Pathologists  recommends  the  replacement  of  the  term  “necrosis”  with  the  term  “oncosis”, 
reserving  the  former  to  describe  dead  cells  in  histological  sections  regardless  of  how  they  died  (Levin  et 
al.,  1999).  Apoptosis  was  later  considered  as  an  example  of  programmed  cell  death  (PCD)  that  is  a 
genetically  driven  form  of  cell  suicide.  More  recent  studies  have  shown  that  there  are  many  other  routes 
to  cell  death,  including  non-apoptotic  PCD  and  autophagy.  The  distinctions  between  different  forms  of 
cell  death  are  now  becoming  blurred  with  the  proposal  that  cell  death  could  exist  as  a  continuum  with 
apoptosis  and  necrosis  at  opposite  ends  of  this  continuum  (Portera-Cailliau  et  al.,  1997a, b;  Martin  et  al., 
1998).  Apoptosis  and  necrosis  are  two  forms  of  neuronal  cell  death  that  are  particularly  relevant  to  the 
pathobiology  of  neurodegeneration  id  acute  and  chronic  neurological  disorders  (Martin,  2002;  Appendix) 
and  were  the  focus  of  this  work. 

BODY 

Hypothesis  1:  Neuronal  apoptosis  in  the  mammalian  CNS  has  molecular  characteristics  of 
programmed  cell  death  (PCD). 

Remote  degeneration  of  neurons  after  cortical  injury  has  molecular  characteristics  of  PCD 

Neurons  in  the  brain  are  believed  to  undergo  cytoskeletal  changes  and  retrograde  degeneration  as  a 
secondary  result  of  target  deprivation  caused  by  trauma  and  stroke  and  as  a  primary  degenerative  process 
in  ALS,  Parkinson’s  disease,  and  Alzheimer’s  disease  (Martin  et  al.,  1998).  To  gain  insight  into  the 
mechanisms  of  progressive  neuronal  injury  and  secondary  brain  damage,  we  have  studied  animal  models 
of  axotomy  and  target  deprivation.  Ablation  of  the  visual  neocortex  induces  retrograde  neuronal 
degeneration  in  the  dorsal  lateral  geniculate  nucleus  (dLGN)  of  thalamus.  The  geniculocortical  projection 
neurons  die  by  a  morphological  process  that  is  unequivocal  apoptosis  (Al-Abdulla  et  al.,  1998;  Al- 
Abdulla  and  Martin,  2002).  This  cell  death  is  preceded  by  an  accumulation  of  apparently  active 
mitochondria  in  the  perikaryon  and  might  emerge  with  oxidative  damage  to  genomic  DNA  of  the  highly 
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vulnerable  projection  neurons  (Al-Abdulla  and  Martin,  1998).  Unilateral  ablation  of  the  occipital  cortex 
in  rat  and  mouse  results  in  unequivocal  end-stage  neuronal  apoptosis  in  the  dLGN  at  6-7  days  postlesion 
(Martin  et  al.,  2001;  Appendix).  We  tested  the  hypothesis  that  p53  and  Bax  regulate  this  neuronal 
apoptosis.  We  found  using  immunocytochemistry  that  p53  accumulates  in  the  nucleus  of  neurons  destined 
to  undergo  apoptosis.  By  immunoblotting,  p53  levels  increase  (-150%  of  control)  in  the  LGN  by  5  days 
after  occipital  cortex  ablation.  In  nuclear-enriched  subcellular  fractions,  p53  is  activated  (~3-fold)  in  the 
ipsilateral  LGN  at  5  days  postlesion,  as  shown  by  DNA  binding  assay.  The  levels  of  procaspase-3 
increase  at  4  days  postlesion,  and  caspase-3  is  activated  prominently  at  5  days  postlesion.  To  identify  if 
neuronal  apoptosis  in  the  adult  brain  is  dependent  on  p53  and  Bax,  cortical  ablations  were  done  on 
genetically  engineered  mice.  In  mice,  the  severity  of  neuronal  apoptosis  is  significantly  attenuated 
(-34%)  compared  to  wildtype  mice,  and  in  bax1'  mice  neuronal  apoptosis  in  the  dorsal  LGN  is 
completely  blocked.  From  these  experiments  we  concluded  that:  1)  retrograde  neuronal  death  in  the  adult 
thalamus  after  cortical  injury  is  definitely  apoptosis  and  has  molecular  characteristics  of  PCD;  2)  neuronal 
apoptosis  in  the  adult  CNS  requires  Bax,  and  3)  p53  modulates  neuronal  apoptosis  in  the  adult  brain,  but 
apoptosis  can  also  occur  independent  of  p53-mediated  mechanisms  (Martin  et  al.,  2001;  Appendix). 

Death  proteins  in  adult  dLGN  have  differential  subcellular  localizations  that  change  during 
apoptosis  in  vivo 

We  studied  the  molecular  regulation  of  target  deprivation-induced  neuronal  apoptosis  (Martin  et  al., 
2003,  Appendix).  Apoptosis  is  a  structurally  and  biochemically  organized  form  of  cell  death.  The  basic 
machinery  of  apoptosis  is  conserved  in  yeast,  hydra,  nematode,  fruitfly,  zebrafish,  mouse,  and  human 
(Ameisen,  2002).  Several  families  of  apoptosis -regulation  genes  have  been  identified  in  mammals. 
Apoptotic  cell  death  is  controlled  by  the  Bcl-2  family  (Merry  and  Korsemeyer,  1997),  the  caspase  family 
of  cysteine-containing,  aspartate-specific  proteases  (Wolf  and  Green,  1999),  the  p53  gene  family  (Levrero 
et  al,,  2000),  death  receptors  (Nagata,  1999),  and  other  apoptotgenic  factors,  including  cytochrome  c.  The 
bcl-2  protooncogene  family  is  a  group  of  apoptosis  regulatory  genes  encoding  for  proteins  defined  by  at 
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least  one-conserved  Bel  homology  domains  (BH1-BH4  can  be  present)  that  function  in  the  protein- 
protein  interactions  (Merry  and  Korsemeyer,  1997).  Of  these  genes,  bcl-2,  bcl-xL,  and  boo  are 
antiapoptotic,  whereas  box,  bcl-xs,  bad,  bak,  bid ,  bim,  and  bik  are  proapoptotic.  The  relative  levels  of  cell 
death  proteins  were  evaluated  in  different  subcellular  compartments  in  adult  rat  dLGN.  Bax 
immunoreactivity  (IR)  was  much  higher  in  the  soluble  protein  compartment  compared  to  the 
mitochondria-enriched  membrane  compartment  (Martin  et  al.,  2003,  Appendix).  In  mitochondrial 
fractions  a  distinct  doublet  was  observed,  corresponding  to  the  detection  of  a-Bax  and  p-Bax  at  21  and  24 
kDa,  respectively.  The  levels  of  a-Bax  and  P-Bax  in  the  adult  dLGN  were  similar  (Martin  et  al.,  2003, 
Appendix).  In  contrast  to  Bax,  Bak  was  much  more  enriched  in  the  mitochondria-enriched  membrane 
compartment  compared  to  the  soluble  protein  compartment  (Martin  et  al.,  2003,  Appendix).  Bad  was 
enriched  in  the  soluble  protein  compartment  relative  to  the  mitochondrial  compartment  of  the  dLGN  but 
was  increased  in  the  mitochondria-enriched  compartment  after  injury  (Martin  et  al.,  2003,  Appendix).  The 
synchronized  apoptosis  of  dLGN  projection  neurons  occurs  in  association  with  differential  subcellular 
changes  in  proapoptotic  molecules  (Martin  et  al.,  2003,  Appendix).  Bax  increases  in  mitochondria  within 
1  day  after  target  deprivation,  while  Bak  increases  later  after  about  4  days.  Few  studies  have 
demonstrated  such  a  rapid  (within  1  day)  redistribution  of  Bax  during  apoptosis  of  neurons  or  of  cells  in 
general.  Very  few  studies  have  addressed  the  role  of  Bak  in  neuronal  apoptosis.  In  CNS  neurons,  Bax  and 
Bak  show  an  increased  level  and  subcellular  redistribution  during  target  deprivation-induced  apoptosis, 
but,  interestingly,  the  timing  of  the  changes  is  different  for  these  two  proapoptotic  molecules  (Martin  et 
al.,  2003).  Bax  may  be  a  rapid-response  protein,  whereas  Bak  may  be  a  delayed-response  protein.  Bax 
and  Bak  may  have  coordinated  hierarchical  or  independent  functions  during  neuronal  apoptosis. 
Translocated  Bax  in  mitochondria  may  coalesce  with  Bak  into  mitochondria-associated  clusters  during 
apoptosis,  supporting  the  idea  of  a  coordinated  participation  of  these  two  molecules.  Bak  may  therefore 
be  involved  in  reinforcing  the  cell  death  process  after  Bax  engages  the  process  in  CNS  neurons. 
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Bad  showed  an  early  sustained  increased  (Martin  et  al.,  2003,  Appendix).  Neurons  are  dependent  on 
target  or  afferent  derived  neurotrophic  factors  for  survival.  Withdrawal  of  neutrophins  results  in  neuronal 
apoptosis.  Some  neurotrophins  possess  antiapoptotic  activity  by  interacting  with  membrane  tyrosine 
kinase  receptors  linked  to  phosphoinositide-3  kinase  (PI-3  kinase)  (Franke  et  al.,  1997).  Activation  of  PI- 
3  kinase  leads  to  activation  of  protein  kinase  B  (PKB/Akt)  by  phosphorylation.  Active  Akt 
phosphorylates  Bad  at  serine136  (del  Peso  et  al.,  1997)  causing  phospho-Bad  to  disassociate  from  Bcl-2  or 
Bc1-Xl  within  mitochondrial  membranes  and  to  translocate  to  the  cytosol  where  it  is  sequestered  by 
protein  14-3-3.  This  process  allows  Bcl-2  and  Bcl-XL  to  exert  their  antiapoptotic  function(s).  Until  now 
we  have  assumed  that  occipital  cortex  ablation  induces  an  in  vivo  state  of  target  deprivation  and 
neurotrophin  withdrawal  of  dLGN  neurons,  but,  other  than  the  apoptosis  of  these  neurons,  evidence  to 
support  this  assumption  has  not  been  forthcoming.  The  finding  that  Bad  undergoes  an  early  sustained 
increased  in  the  dLGN,  particularly  in  the  mitochondria-enriched  fraction,  suggests  that  its 
phosphorylation  and  cytosolic  sequestration  by  14-3-3  are  diminished,  supporting  the  proposition  that  this 
CNS  lesion  is  an  in  vivo  model  of  neurotrophin  withdrawal-induced  neuronal  apoptosis. 

Cleaved  caspase-3  was  elevated  maximally  at  5  and  6  days  (Martin  et  al.,  2003,  Appendix).  Active 
caspase-3  underwent  a  subcellular  translocation  to  the  nucleus.  A  dramatic  phosphorylation  of  p53  was 
detected  at  4  days  postlesion.  Nevertheless  we  provide  some  new  information  on  an  unsuspected  early 
phase  caspase-3  activation  and  a  later  phase  nuclear  translocation  of  biochemically  active  caspase-3. 
Moreover,  the  presence  of  cleaved  caspase-3  may  not  be  equivalent  to  the  presence  of  biochemically 
active  caspase-3.  It  is  interesting  that  the  increased  activity  seen  at  1  day  postlesion  in  the  soluble  fraction 
did  not  appear  to  require  additional  formation  of  cleaved  subunits.  In  addition,  the  massive  increase  in 
cleaved  caspase-3  in  nuclear  fractions  at  6  days  postlesion  did  not  have  a  corresponding  increase  in 
activity.  Our  previous  in  vitro  data  suggests  that  apoptosis  of  cortical  neurons  can  involve  caspase-3 
changes  without  additional  cleavage  after  an  apoptotic  stimulus  (Lesuisse  and  Martin,  2002b).  It  is 
possible  that  the  early  events  of  apoptosis  of  mature  neurons  can  be  engaged  without  the  formation  of 
additional  caspase-3  subunits  via  proteolysis  of  proenzyme  and  that  preexisting  low  levels  of  cleaved 
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caspase-3  can  play  a  role,  along  with  other  proteins  such  as  Bax,  to  initiate  the  death  process.  Many 
proteins  appear  to  interact  with  cleaved  caspase-3,  as  shown  by  cross-linking  experiments,  and 
constituitively  cleaved  caspase-3  might  be  regulated  by  interacting  proteins  (Lesuisse  and  Martin,  2002b). 
In  healthy  normal  cells,  cleaved  caspase-3  might  interact  with  possible  endogenous  inhibitor  proteins  or 
the  subunits  may  be  folded  or  assembled  as  inactive  enzyme.  In  this  state  constitutive  cleaved  caspase-3 
would  be  inactive  and  could  not  execute  the  apoptotic  process.  Thus,  a  rapid  increase  in  caspase-3  activity 
in  mature  neurons  might  occur  by  mechanisms  other  proteolytic  cleavage  of  proenzyme,  while  later 
events  in  the  apoptotic  process,  possibly  occurring  in  the  nucleus  such  as  activation  of  DNA 
fragmentation  pathways,  appear  to  require  recruitment  of  additional  subunits  by  proteolysis.  However,  at 
near  endstage  apoptosis  cleaved  caspase-3  appears  to  loose  its  biochemical  activity  as  suggested  by  our 
results  at  6  days.  This  result  is  consistent  with  the  accumulation  of  cleaved  caspase-3  in  cellular  fragments 
and  apoptotic  debris  of  cortical  neurons  in  vitro  (Lesuisse  and  Martin,  2002b)  as  well  as  striatal  neurons 
(Lok  and  Martin,  2002)  and  dLGN  neurons  (Natale  et  ah,  2002)  in  vivo.  The  functions  of  caspase-3  in 
nervous  tissue  may  be  even  more  complicated  than  previously  realized,  as  suggested  by  the  transient 
increase  in  caspase-3  activity  in  the  nonlesioned  dLGN  at  5  days  postlesion,  where  no  loss  of  neurons 
occurs  but  astroglial  activation  and  induction  of  p53  in  astrocytes  has  been  observed  (Martin  et  al.,  2001). 
By  immunoelectron  microscopy  we  have  found  cleaved  caspase-3  at  synaptic  sites  in  the  adult  brain 
(unpublished  observations).  In  this  regard,  caspase-3  may  function  in  synaptic  plasticity  and  regeneration 
rather  than  cell  death. 

Phosphorylated  p53  accumulates  in  the  nucleus  during  neuronal  apoptosis 

Cells  that  have  sustained  DNA  damage  from  reactive  oxygen  species  (ROS)  and  other  genotoxic 
agents  undergo  apoptosis  by  engaging  molecular  cascades  involving  expression  or  activation  of  p53,  Bcl- 
2  family  members,  and  caspases  (Polyak  et  ah,  1997).  p53  regulates  target-deprivation-induced  neuronal 
apoptosis  in  the  dLGN  because  p53'A  mice  show  less  neuronal  loss  than  p53+/+  mice  (Martin  et  ah,  2001). 
A  critical  question  that  remains  to  be  elucidated  is  how  DNA  damage  is  communicated  to  p53  so  that  it 
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becomes  activated  and  functional  in  neurons.  Serine392-phosphoryated  p53  accumulates  in  dLGN  neurons 
during  their  degeneration  and  this  p53  has  enhanced  DNA  binding  activity  (Martin  et  al.,  2001).  We  have 
also  found  massive  accumulation  of  serine15-phosphorylated  p53  in  the  dLGN  during  apoptosis  (Martin  et 
al.,  2003).  Phospho-p53SerIS  levels  were  dramatically  elevated  in  nuclear  fractions  of  the  ipsilateral  LGN 
at  4  days  postlesion.  The  increase  remained  present  at  5  days  postlesion.  At  6  days  postlesion  ipsilateral 
levels  were  not  different  from  contralateral  levels.  The  phosphorylation  of  p53  at  the  serine-15  site  was 
specific  for  the  nucleus  because  phospho-p53SerIS  was  not  detected  in  the  soluble  fraction.  This 
accumulation  was  maximal  at  4  days  after  injury,  at  a  time  when  neurons  with  accumulated  single- 
stranded  DNA  (ssDNA)  were  most  numerous  (Martin  et  al.,  2003). 

The  tempo  of  neuronal  apoptosis  is  accelerated  in  the  immature  brain 

The  thalamus  is  a  major  site  of  remote  neurodegeneration  after  cortical  damage  in  adult  humans  and 
experimental  animals.  In  the  adult  brain  occipital  cortex  ablation  results  in  degeneration  of 
geniculocortical  projection  neurons  within  the  dLGN  by  apoptosis  (Al-Abdulla  et  al.,  1998;  Martin  et  al., 
2001;  Natale  et  al.,  2002),  but  less  is  known  about  thalamic  responses  to  cortical  injury  in  the  immature 
brain.  The  structural  emergence  of  this  apoptosis  and  its  time  course  are  very  synchronous,  and  the 
process  is  accelerated  in  the  immature  brain.  In  the  adult  brain  the  cell  death  process  is  nearly  complete 
by  14  days  postlesion,  with  the  bulk  of  the  geniculocortical  neuronal  apoptosis  occurring  during  the  first  7 
days  postlesion.  In  the  newborn  brain  the  apoptotic  process  takes  2  days.  In  newborn  mouse  Fluorogold- 
prelabeling  showed  the  apoptosis  of  thalamocortical  projection  neurons  at  36-48  hours  after  cortical 
injury  (Natale  et  al.,  2002).  The  structural  progression  of  apoptosis  in  the  immature  dLGN  reveals  typical 
chromatolytic  morphology  by  18-24  hours,  followed  by  cytoplasmic  shrinkage  and  chromatin 
condensation  characteristic  of  end-stage  apoptosis  after  36-48  hours.  Electron  microscopy  (EM) 
confirmed  the  presence  of  apoptosis  (Natale  et  al.,  2002).  This  study  showed  intemucleosomal  DNA 
fragmentation  and  expression  of  cleaved  caspase-3  occurs  rapidly,  being  noted  first  at  18  hours,  well 
before  the  peak  of  apoptotic  cell  death  occurring  at  36  hours  after  cortical  damage  in  the  immature  brain 
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(Natale  et  al.,  2002).  These  data  suggest  that  axotomy/target  deprivation-induced  cell  death  in  the 
immature  brain  differs  from  that  previously  reported  in  adult  mice  with  respect  to  the  time  required  for 
progression  to  cell  death. 

Delayed  secondary  neuronal  apoptosis  occurs  after  hypoxia-ischemia 

Apoptosis  of  thalamic  neurons  can  occur  days  after  stroke  and  cardiac  arrest.  We  found  that  thalamic 
neuron  apoptosis  in  the  rat  brain  after  hypoxia-ischemia  (HI)  is  structurally  identical  to  the  apoptosis  of 
thalamic  neurons  after  cortical  damage  (Northington  et  al.,  2001a;  Appendix).  We  also  detected  apoptotic 
cell  death  in  some  neuronal  groups  that  are  not  typically  regarded  as  selectively  vulnerable  to  ischemia 
(Martin  et  al.,  2000).  For  example,  subsets  of  granule  cells  in  the  dentate  gyrus,  subsets  of  granule  cells  in 
the  cerebellar  cortex,  and  certain  neurons  in  thalamic  nuclear  groups  appear  apoptotic.  In  addition, 
prominent  apoptotic  death  of  white  matter  oligodendrocytes  occurs  after  HI.  The  presence  of  apoptotic 
death  in  these  groups  of  cells  after  global  ischemia  is  possibly  related  secondarily  to  target  deprivation  or 
to  axonal  degeneration  in  response  to  ischemic  degeneration  of  selectively  vulnerable  populations  of 
neurons.  The  apoptosis  in  thalamic  neurons  after  HI  in  rat  is  associated  with  a  rapid  increase  in  the  levels 
of  the  Fas  death  receptor  and  caspase-8  activation  (Northington  et  al.,  2001b;  Appendix).  Concurrently, 
the  levels  of  Bax  in  mitochondrial-enriched  cell  fractions  increase.  Increased  levels  of  Fas  death  receptor 
and  Bax  and  activation  of  caspase-8  in  the  thalamus  precede  the  marked  activation  of  caspase-3  and  the 
occurrence  of  neuronal  apoptosis.  Thus,  as  in  nonneural  tissues,  the  mechanisms  for  neuronal  apoptosis  in 
different  in  vivo  settings  can  differ  in  upstream  signals,  but  they  converge  on  common  downstream 
mechanisms  (i.e.,  the  participation  of  Bax  and  caspase-3). 

Rapid  subcellular  redistribution  of  Bax  precedes  caspase-3  and  endonuclease  activation  during 
excitotoxic  neuronal  apoptosis 

Excitotoxic  activation  of  glutamate  receptors  is  a  common  pathophysiological  mechanism  of 
neurodegeneration.  Neurotoxic  activation  of  glutamate  receptors  is  believed  to  occur  in  traumatic  brain 
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injury,  cerebral  ischemia,  epilepsy,  ALS,  Huntington’s  disease,  and  Parkinson’s  disease  (Martin,  2001). 
The  brain  damage  induced  by  excitotoxicity  has  features  of  apoptosis  and  necrosis  (Martin,  2002).  The 
precise  mechanisms  of  excitotoxic  neuronal  apoptosis  in  vivo  have  not  been  identified  specifically. 
Neurons  in  the  immature  rodent  CNS  undergo  massive  apoptosis  in  response  to  glutamate  receptor 
excitotoxicity  (Portera-Cailliau  et  al.,  1997a,b).  Apoptosis  is  much  more  prominent  after  excitotoxic 
injury  in  the  immature  brain  compared  to  the  mature  brain  (Portera-Cailliau  et  al.,  1997b).  Intrastriatal 
administration  of  kainic  acid  (KA)  in  newborn  rodents  causes  copious  apoptosis  of  striatal  neurons 
(Portera-Cailliau  et  al.,  1997a,b),  serving  as  an  unequivocal  model  of  apoptosis  in  neurons  that  are 
selectively  vulnerable  in  Huntington’s  disease.  This  apoptosis  has  been  verified  structurally  with  light 
microscopy  and  EM  and  by  immunolocalization  of  cleaved  caspase-3  (Lok  and  Martin,  2002).  Ubiquitous 
apoptosis  is  observed  at  24  hours  after  the  insult.  DNA  degradation  by  intemucleosomal  fragmentation 
further  confirms  the  presence  of  apoptosis.  Excitotoxic  neuronal  apoptosis  is  associated  with  rapid  (within 
2  hours  after  neurotoxin  exposure)  translocation  of  Bax  and  cleaved  caspase-3  translocate  to  mitochondria 
(Lok  and  Martin,  2002).  We  evaluated  if  caspase-3  is  proteolytically  cleaved  during  excitotoxic  neuronal 
apoptosis  (Lok  and  Martin,  2002).  The  levels  of  cleaved  caspase-3  increase  in  striatum  after  KA  lesions. 
Caspase-3  cleavage  was  detected  with  two  antibodies  that  bind  different  epitopes.  Formation  of  cleaved 
caspase-3  was  most  prominent  between  12  and  24  hours  after  neurotoxin  exposure.  Cleaved  caspase-3 
undergoes  an  early  redistribution  into  the  mitochondrial-enriched  fraction  by  2  hours  postlesion  followed 
by  a  later  increase  in  the  soluble  fraction  at  12-24  hours.  This  early  translocation  of  caspase-3  is  a  very 
novel  finding  for  neuronal  apoptosis.  An  immunolocalization  analysis  of  cleaved  caspase-3  was  done 
during  excitotoxic  neuronal  apoptosis  (Lok  and  Martin,  2002).  In  the  striatum  of  naive  and  PBS-injected 
P7  pups,  only  occasional  isolated  cells  showed  cleaved  caspase-3  IR,  consistent  with  previous 
observations  demonstrating  a  low  level  of  naturally  occurring  developmental  PCD  at  this  time  (Martin, 
2001).  At  12  hours  after  intrastriatal  injection  of  KA,  a  marked  increase  in  cleaved  caspase-3  was  found 
throughout  the  striatum,  while  much  less  cleaved  caspase-3  was  visualized  in  the  non-lesioned  striatum. 
Caspase-3  accumulated  in  the  cytoplasm  and  nucleus  of  neurons  showing  nascent  chromatin  condensation 
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at  12  hours.  At  24  hours  after  KA,  cleaved  caspase-3  was  detected  in  many  cells  with  clearly 
distinguishable  apoptotic  nuclei  and  was  also  present  in  cellular  debris  within  the  neuropil,  while  the 
nonlesioned  striatum  had  rare  staining.  The  prominent  formation  of  cleaved  caspase-3  occurred  between  6 
and  12  hours  after  the  injury,  because  at  6  hours  after  the  KA  lesion  the  ipsilateral  striatum  showed  only 
faint  staining,  and,  at  12  hours,  the  staining  for  cleaved  caspase-3  was  intense. 

This  study  (Lok  and  Martin,  2002)  revealed  that  the  ratio  of  mitochondrial  Bax  to  soluble  Bax  in 
normal  developing  striatum  changes  prominently  with  brain  maturation.  Newborn  rat  striatum  has  a  much 
greater  proportion  of  Bax  in  the  mitochondrial  fraction  with  lower  levels  of  soluble  Bax.  Mature  rat 
striatum  has  a  much  larger  proportion  of  Bax  in  the  soluble  fraction  and  low  amounts  of  Bax  in  the 
mitochondrial  fraction.  With  brain  maturation  there  is  a  linear  decrease  in  the  ratio  of  mitochondrial  Bax 
to  soluble  Bax.  This  developmental  subcellular  redistribution  of  Bax  might  be  related  to  the  observation 
that  immature  neurons  exhibit  a  more  robust  classical  apoptosis  response  compared  to  adult  neurons  after 
brain  damage  (Martin,  2001). 

Apoptosis  in  young  and  old  cortical  neurons  has  different  structural,  biochemical,  and  molecular 
signatures 

Neurons  in  the  cerebral  cortex  are  very  sensitive  to  injury.  Neocortical  neurons  degenerate  after 
hypoxia-ischemia,  trauma,  neurotoxin  exposure,  and  seizures.  We  have  used  animal  models  of 
neurodegeneration  (e.g.,  excitotoxins,  hypoxia-ischemia)  to  study  cortical  neuron  pathology,  but  the 
mechanisms  are  difficult  to  pinpoint  in  vivo  due  to  the  inherent  complexity  of  nervous  system  tissue.  We 
developed  a  mouse  cortical  neuron  culture  system  to  study  mechanisms  of  apoptosis  in  neurons  (Lesuisse 
and  Martin,  2002a, b). 

Exposure  of  neurons  to  the  topoisomerase  inhibitor  camptothecin  (CPT)  causes  apoptosis  of  neurons 
(Lesuisse  and  Martin,  2002a, b  Appendix).  Apoptosis  assays  included  intemucleosomal  fragmentation  of 
DNA,  morphology,  and  caspase-3  activation.  The  timing  and  magnitude  of  DNA  fragmentation  were 
different  in  immature  (DIV5)  and  mature  (DIV30)  neurons.  DIV5  neurons  showed  DNA  fragmentation 
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after  24  hours  of  CPT.  With  24  and  48  hours  treatment,  long  exposures  were  necessary  to  visualize  a 
ladder.  In  contrast,  DIV30  neurons,  treated  with  the  same  concentrations  of  CPT,  showed  prominent 
intemucleosomal  DNA  fragmentation  by  8  hours  of  treatment,  peaking  at  about  24  hours.  EM  confirmed 
that  mouse  cortical  cultures  treated  with  CPT  at  DIV5  and  DIV30  were  morphologically  apoptotic 
(Lesuisse  and  Martin,  2002b).  The  morphology  of  the  chromatin  condensation  was  different  at  the  two 
ages.  The  nuclear  morphology  in  the  majority  of  apoptotic  DTV5  neurons  was  similar  to  classical 
apoptosis  with  the  formation  of  uniformly  round  chromatin  masses  (Martin  et  al.,  1998;  Martin,  2002). 
Apoptosis  in  DIV30  neurons  was  different  because  large  irregularly-shaped  chromatin  masses  were 
formed. 

Mitogen-activated  protein  kinase  (MAPK)/extracellular-regulated  protein  kinase  (Erk)  signaling  is 
different  in  immature  and  mature  cortical  neurons  during  apoptosis  (Lesuisse  and  Martin,  2002b). 
Erk42/44  phosphorylation  occurs  in  mature  neurons  during  apoptosis  but  not  in  immature  neurons. 
Phosphorylated  Erk42/44  was  not  detected  in  the  different  subcellular  fractions  of  control  DIV5  neurons, 
and  no  phosphorylation  of  Erk42/44  occurred  in  DIV5  neurons  after  CPT  exposure.  In  contrast,  phospho- 
Erk  was  detected  in  control  DIV30  neurons  and  was  increased  dramatically  (over  10-fold  for  soluble 
Erk44)  after  CPT,  occurring  after  4  h  of  treatment  and  remaining  at  high  levels  until  8  h  and  then 
decreasing.  We  examined  the  levels  of  full-length  MEKK1  and  putative  proapoptotic  MEKK1  fragments 
in  nontreated  and  CPT-treated  cortical  neuron  cultures.  Full-length  MEKK1  (-160-197  kDa)  promotes 
cell  survival,  whereas  cleaved  MEKK1  (-72-95  kDa)  promotes  apoptosis  (Cardone  et  al.,  1997;  Widmann 
et  al.,  1998).  Caspase-3  generates  MEKK1  C-terminal  fragments  that  have  constitutively  active 
proapoptotic  kinase  activity  (Cardone  et  al.,  1997).  CPT-treated  DIV5  neurons  at  15  and  24  h  generated 
several  cleavage  products  of  MEKK1 .  These  cleavage  products  had  sizes  (-70-95)  that  were  similar  to  the 
reported  sizes  of  the  active  kinase  fragments  of  MEKK1  that  induce  apoptosis  (Cardone  et  al.,  1997). 

There  was  an  inverse  relationship  between  the  levels  of  MEKK1  fragments  and  full-length  MEKK1, 
supporting  the  conclusion  that  the  immunoreactive  proteins  at  -70-95  kDa  are  derived  from  cleavage  of 
MEKK1  holoenzyme.  The  formation  of  MEKK1  C-terminal  fragments  coincided  with  the  formation  of 
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cleaved  caspase-3  in  immature  neurons.  The  level  of  MEKK1  fragments  at  -70-95  kDa  remained 
unchanged  during  apoptosis  in  mature  neurons,  while  the  level  of  full-length  MEKK1  decreased  during 
apoptosis. 

Caspase-3  activation  is  different  in  immature  and  mature  cortical  neurons  during  apoptosis  (Lesuisse 
and  Martin,  2002b).  Caspases-3  was  evaluated  in  subcellular  fractions  of  control  neurons  and  CPT  treated 
neurons.  Cleaved  caspase-3  was  evaluated  in  subcellular  fractions  of  control  neurons  and  CPT  treated 
neurons.  In  control  neurons,  cleaved  caspase-3  was  found  primarily  in  the  nuclear  fraction  with  two 
different  antibodies.  Control  neurons  at  DIV5  and  DIV30  had  similar  low  levels  of  constitutively  cleaved 
caspase-3  in  nuclear  fractions.  In  immature  neurons  exposed  to  CPT  the  levels  of  cleaved  caspase  3 
subunits  (17-19  kDa)  progressively  increased  in  nuclear  fractions  between  4-24  hours  and  abruptly 
increased  between  8  and  24  hours  in  pellet  fractions.  In  contrast,  the  levels  of  cleaved  caspase-3  did  not 
change  in  nuclear  and  pellet  fractions  of  mature  neurons  after  CPT. 

Hypothesis  2:  Mitochondria  accumulate  and  release  cytochrome  c  within  neurons  during 
apoptosis. 

Mitochondria  accumulate  at  perinuclear  sites  in  thalamic  neurons  during  apoptosis 

Mitochondria  are  potent  generators  of  apoptotic  stimuli  (e.g.,  ROS)  and  they  serve  as  reservoirs  for 
apoptotic  protease  activating  factors  such  as  cytochrome  c.  The  mitochondrion  integrates  death  signals  . 
mediated  by  proteins  in  the  Bcl-2  family  and  releases  molecules  residing  in  the  mitochondrial 
intermembrane  space,  such  as  cytochrome  c,  that  activate  caspase  proteases  leading  to  intemucleosomal 
cleavage  of  DNA.  We  found  that  mitochondria  accumulate  in  neurons  destined  to  undergo  apoptosis  at 
preapoptotic  stages  of  degeneration.  This  change  may  be  a  general  feature  of  apoptosis  in  neurons 
because  we  have  found  it  in  thalamic  neurons  (Al-Abdulla  and  Martin,  1998;  Northington  et  al.,  2001b, c, 
Appendix)  and  motor  neurons  (Martin  and  Liu,  2002a,  Appendix)  during  apoptosis  in  animal  models  and 
in  human  ALS  motor  neurons  (Martin,  2002,  Appendix).  This  perinuclear  accumulation  of  mitochondria 
has  been  shown  quantitatively  by  EM  and  by  localization  of  mitochondrial  proteins  using 
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immunocytochemistry  and  enzyme  histochemistry.  The  mechanisms  and  consequences  of  this 
preapoptotic  perinuclear  accumulation  of  mitochondria  in  neurons  need  to  be  studied. 

There  may  be  several  possible  consequences  that  result  from  the  perinuclear  accumulation  of 
mitocondria.  Accelerated  oxidative  damage  to  genomic  DNA  may  occur  (see  Hypothesis  3  below),  and 
proapoptotic  factors  may  be  released.  We  found  that  cytochrome  c  undergoes  an  intracellular 
redistribution  in  apoptotic  neurons  (Martin  and  Liu,  2002a).  We  directly  visualized  and  quantifed 
cytochrome  c  in  different  subcellular  compartments  specifically  in  neurons  by  immuno-EM  early  in  the 
apoptotic  process  (Martin  and  Liu,  2002a).  Prior  to  the  structural  emergence  of  apoptosis  total 
cytoplasmic  cytochrome  c  levels  increased  significantly  (147%  of  contralateral),  but  the  level  of 
mitochondrial-associated  cytochrome  c  immunoreactivity  in  injured  neurons  was  not  different  from 
control.  As  the  apoptotic  structure  emerged,  total  cytoplasmic  cytochrome  c  levels  were  elevated  further 
(170%  of  control),  while  mitochondrial-associated  cytochrome  c  was  decreased  (73%  of  control)  in 
injured  neurons.  In  neurons  with  a  definite  apoptotic  structure,  mitochondrial  cytochrome  c  levels  were 
only  20%  of  control,  while  the  level  of  diffusely  distributed  cytoplasmic  cytochrome  c  was  281%  of 
control.  These  experiments  showed  that  mitochondria  accumulate  and  release  cytochrome  c  very  early 
during  neuronal  apoptosis  (days  before  end-stage  apoptosis). 

Bax  translocates  rapidly  to  mitochondria  early  during  excitotoxic  neuronal  apoptosis 
The  levels  of  Bax  in  mitochondrial-enriched  and  soluble  fractions  were  analyzed  during  the 
progression  of  excitotoxic  neuronal  apoptosis  (Lok  and  Martin,  2002).  Bax  levels  decreased  in  the  soluble 
fraction  but  increased  correspondingly  in  the  mitochondrial-enriched  fraction  early  after  KA  exposure. 

The  increase  in  Bax  within  the  mitochondrial  fraction  was  maximal  within  2  hours  after  KA.  This 
prominent  change  at  2  hours  after  KA  was  confirmed  with  two  antibodies  that  detect  different  epitopes  on 
Bax.  Cytochrome  c  oxidase  subunit  1 IR  decreased  progressively  with  time  after  KA.  The  loss  of 
mitochondrial  marker  was  most  marked  at  24  hours  after  KA,  consistent  with  the  prominent  end-stage 
apoptosis  found  at  this  time  point. 
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Hypothesis  3:  Neuronal  apoptosis  in  vivo  evolves  in  association  with  oxidative  stress. 

Neuronal  degeneration  can  be  triggered  by  oxidative  stress,  defined  as  the  generation  of  reactive 
oxygen  species  (ROS)/  reactive  nitrogen  species  (RNS)  and  their  attack  on  cellular  molecules.  Superoxide 
and  hydroxyl  radicals  and  hydrogen  peroxide  (H202)  are  common  ROS.  Nitric  oxide  (NO)  and  its 
derivatives  peroxynitrite  (ONOO')  and  nitrous  anhydride  (N203)  are  common  RNS.  ROS/RNS  are 
constantly  formed  during  normal  cellular  metabolism.  These  toxic  chemicals  can  damage  protein,  lipids, 
and  nucleic  acids.  Interestingly,  some  of  these  radicals  have  key  physiological  functions  as  well.  For 
example,  NO  functions  in  neurotransmission,  blood  flow  regulation  throughout  the  body  by  modulating 
guanylate  cyclase  activity  and  possibly  by  covalent  modification  (S-nitrosylation)  of  proteins,  and  in 
immune  defense.  Cells  have  evolved  a  variety  of  elaborate  antioxidant  defense  enzyme  systems  to 
attenuate  or  neutralize  the  toxicity  of  ROS/RNS,  including  superoxide  dismutases,  catalase,  and 
glutathione  peroxidase.  Superoxide  dismutases  converts  superoxide  radical  to  H202  and  which  is  then 
decomposed  by  catalase  and  glutathione  peroxidase. 

The  production  of  ROS/RNS  is  increased  during  apoptosis.  NMD  A  receptors  and  NO  generation 
might  activate  two  different  toxic  pathways.  One  pathway  of  NO  toxicity  is  based  on  presynaptic  actions. 
NO,  acting  as  a  retrograde  messenger,  stimulates  exocytotic  release  of  neurotransmitter  from  synaptic 
vesicles,  thereby  potentiating  glutamate  release.  A  second  pathway  for  NO  toxicity  is  based  on  the 
findings  that  enzymatically  produced  NO  can  undergo  a  variety  of  nonenzymatic  reactions  with  thiols, 
metals,  and  superoxide.  NO  reacts  with  superoxide  to  form  ONOO’.  The  rate  constant  of  the  NO- 
superoxide  reaction  is  6.7  x  109  M'1  s'1 ,  which  is  ~3.5  time  >  than  that  for  the  superoxide  dismutase- 
catalyzed  decomposition  of  superoxide.  ONOO'  can  nitrate  or  hydroxylate  protein  tyrosine  residues, 
oxidize  thiols,  or  decompose  into  hydroxyl  radical.  The  possible  cytotoxic  consequences  of  ONOO' 
production  include  protein  damage,  DNA  damage,  poly  (ADP-ribose)  synthase  activation  and  subsequent 
depletion  of  NAD+  and  ATP,  and  mitochondrial  damage.  The  targets  of  ONOO'  in  neurons  remain  to  be 
fully  identified.  We  found  that  the  key  neuronal  enzyme  NA,K  ATPase  is  a  target  for  ONOO'  (Golden  et 
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al.,  2003).  We  also  found  that  ONOO"  is  a  potent  DNA  damaging  agent  in  neurons  by  inducing  the 
formation  of  single-strand  breaks,  double-strand  breaks,  and  abasic  sites  (Martin  and  Liu,  2002b), 

DNA  damage  caused  by  oxidative  stress  is  a  potent  signal  for  cell  death  (Levine,  1997).  Neurons 
sustain  DNA  damage  (e.g.,  hydroxyl  radical  adducts  or  single-strand  breaks)  after  cerebral  ischemia 
(Martin  et  al.,  2000)  and  mechanical  injury  such  as  axotomy/target  deprivation  and  trauma  (Al-Abdulla 
and  Martin,  1998;  Martin  and  Liu,  2002)  and  in  ALS,  Alzheimer’s  disease,  and  Parkinson’s  disease.  The 
mechanisms  of  DNA  damage-induced  apoptosis  in  postmitotic  cells  such  as  neurons  are  not  understood. 
The  possibility  of  a  pivotal  role  of  oxidative  stress-induced  DNA  damage  in  human  pathobiology 
underscores  the  essential  need  for  methods  to  detect  and  measure  different  forms  of  DNA  lesions  and 
their  repair  in  specific  populations  of  cells.  Biochemical  methods  lack  cellular  resolution.  Flow  cytometry 
and  terminal  deoxynucleotidyl  transferase-mediated  3  ’  dUTP  nick  end  labeling  are  popular  methods  for 
determining  DNA  damage  with  cellular  resolution  but  they  lack  the  ability  to  distinguish  specific  types  of 
DNA  lesions. 

The  comet  assay,  also  known  as  single  cell  gel  electrophoresis  (SCGE),  has  been  used  before  to 
identify  genomic  DNA  damage  in  eukaryotic  cells  on  a  single  cell  basis.  The  types  of  DNA  lesions 
detectable  by  comet  assay  include  SSB,  alkali-labile  sites  (AP  sites)  and  DSB.  We  used  this  sensitive  and 
quantitative  method  for  profiling  specific  DNA  lesions  induced  by  neurotoxic  agents  directly  in  neurons. 
The  goals  of  these  experiments  were  to  develop  a  new  method  to  isolate  neurons,  and,  then  apply  the 
comet  assay  to  evaluate  the  vulnerability  of  the  neuronal  genome  to  ROS  (Liu  and  Martin,  200 1 a, b). 

DNA  damage  was  profiled  in  isolated  adult  motor  neurons  (MN)  exposed  in  vitro  to  H202,  NO  donor, 
and  ONOO-  using  the  comet  assay  (Martin  and  Liu,  2002b).  The  formation  of  different  types  of  genomic 
DNA  lesions  induced  in  neurons  by  NO  donor  and  ONOO-  was  profiled  by  varying  pH  conditions  in  the 
comet  assay.  The  use  of  different  pH  conditions  during  SCGE  is  a  validated  approach  for  discriminating 
AP  sites  and  strand  breaks.  A  pH  of  13,  12,  and  7.4  was  used  to  detect  alkali-labile  AP  sites,  SSB,  and 
DSB,  respectively.  MN  accumulated  DNA-SSB  (pH  12)  with  exposure  to  the  NO  donor  NONOate.  AP 
sites  (pH  13)  did  not  accumulate  significantly.  The  presence  of  DNA-SSB  in  MN  was  dynamic.  DNA- 
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SSB  accumulated  rapidly  in  MN,  occurring  within  30  min  exposure  and  then  increased  further  over  the 
subsequent  30  min,  with  -60%  of  the  cells  showing  DNA  damage  at  60  min  exposure  to  100  [xM 
NONOate.  In  contrast,  ONOO~  rapidly  induced  the  formation  of  alkali-labile  sites  within  15  min 
followed  by  an  accumulation  of  DNA-SSB  as  alkali-labile  sites  dissipated.  Moreover,  ONOO-  potently 
induced  DNA-DSB  (pH  7.4)  quickly  (within  15  min)  in  neurons. 

DNA  damage  accumulates  rapidly  in  dLGN  neurons  after  target  deprivation 

Because  p53  was  activated  in  the  dLGN  at  4  days  postlesion,  LGN  neurons  were  evaluated  for  DNA 
damage  at  early  postlesion  time  points  (Martin  et  al.,  2003,  Appendix).  DNA  damage  was  assessed  with  2 
different  markers.  8-hydroxydeoxyguanosine  (OHdG)  IR  was  seen  in  the  nucleus  and  cytoplasm  of  dLGN 
neurons.  It  has  been  shown  previously  that  the  intensity  of  cytoplasmic  and  nuclear  immunolabeling 
detected  with  OHdG  antibodies  can  be  altered  respectively  by  RNase  and  DNase  pretreatment  and  by 
preadsorption  of  antibody  with  8-hydroxyguanosine  and  8-hydroxy-2-deoxyguanosine,  indicating 
hydroxyl  adduct  modified  RNA  and  DNA  (Al-Abdulla  and  Martin,  1998;  Martin  et  al.,  1999).  Both  the 
overall  intensity  of  staining  in  labeled  neurons  and  the  number  immunopositive  neurons  changed  in  the 
dLGN  after  target  deprivation  (Martin  et  al.,  2003).  The  number  of  neurons  with  nuclear  OHdG  IR  was 
increased  in  the  ipsilateral  dLGN  at  1  through  5  days  postlesion.  The  increase  was  progressive  between  1 
and  3  days,  peaking  at  3  days,  and  then  the  number  of  immunopositive  neurons  declined.  Immunostaining 
for  ssDNA  was  found  primarily  in  the  nucleus,  with  much  fainter  cytoplasmic  labeling  .  The  number  of 
neurons  with  ssDNA  was  also  increased  in  the  ipsilateral  dLGN.  ssDNA-positive  neurons  were  higher 
than  control  at  1  through  4  days  postlesion.  A  maximal  level  was  found  at  4  days  postlesion, 
corresponding  to  the  spike  in  p53  phosphorylation  (Martin  et  al.,  2003). 

Motor  neuron  degeneration  in  ALS  may  be  oxidative  stress-induced,  p53-mediated  apoptosis 
The  degeneration  of  MN  in  ALS  may  be  a  form  of  apoptosis  (Martin,  1999).  This  idea  is  based  on 
morphological  and  biochemical  findings.  A  staging  scheme  for  the  structural  progression  of  MN  death 
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has  been  devised  (Martin,  1999).  This  staging  arrangement  reveals  that  MN  degeneration  in  ALS  may  be 
a  nonclassical  form  of  apoptosis.  After  an  initial  chromatolytic  stage,  MN  progressively  undergo  attrition 
of  the  cell  body  and  dendrites  that  culminates  in  a  residual  MN  of  only  ~20%  of  normal  diameter.  During 
somatodendritic  attrition,  both  the  cytoplasm  and  the  nucleus  become  condensed  and  dark,  consistent  with 
apoptosis.  The  nuclear  condensation  in  ALS  MN  differs  from  classical  apoptosis  because  the  chromatin  is 
not  discretely  organized  into  uniformly  round,  dense  clumps  as  in  animal  models  of  neuronal  apoptosis. 
The  terminal  transferase-biotinUTP  nick-end  labeling  (TUNEL)  method  was  used  to  identify  when 
nuclear  DNA  fragmentation  commences  during  the  staging  of  MN  degeneration  in  ALS.  DNA 
fragmentation  is  detected  in  MN  at  the  somatodendritic  attrition  and  apoptotic  stages  of  neuronal  death 
but  not  in  MN  in  the  chromatolytic  stage  of  degeneration.  DNA  fragmentation  is  also  found  in  subsets  of 
pyramidal  neur  ons  in  ALS  motor  cortex,  but  not  somatosensory  cortex.  Immunoblotting  experiments  of 
subcellular  fractions  have  shown  that  Bax  and  Bak  protein  levels  are  increased  and  Bcl-2  protein  level  is 
decreased  in  selectively  vulnerable  motor  regions,  but  the  levels  of  Bcl-XL  are  unchanged  (Martin,  1999). 
The  biochemical  activity  of  caspase-3  activity  is  increased  selectively  in  ALS  MN  regions  (Martin,  1999). 
A  DNA  fragmentation  factor  endonuclease  is  activated,  and  intemucleosomal  fragmentation  of  genomic 
DNA  can  be  found  (Martin,  1999).  These  findings  lead  to  the  hypothesis  that  an  inappropriate  re- 
emergence  of  a  PCD  mechanism,  involving  cytosol-to-membrane  and  membrane-to-cytosol 
redistributions  of  cell  death  proteins,  participates  in  the  pathogenesis  of  MN  degeneration  ALS  (Martin, 
1999).  However,  precise  structure-molecular  correlations  are  needed  to  validate  this  MN  degeneration 
staging  scheme,  and  the  protein  expression  data  lack  resolution  for  MN-specific  abnormalities,  despite  the 
use  of  a  micropunch  tissue  sampling  method  for  anterior  horn  and  motor  cortex.  There  is  non-neuronal 
cell  contamination  in  the  samples.  The  resolution  and  MN  specificity  in  these  experiments  need  to  be 
enhanced  using  laser  capture  microdissestion. 

Even  if  MN  in  ALS  die  through  some  form  of  apoptosis,  this  outcome  might  be  too  late  in  the 
degenerative  process  for  antagonism  of  apoptotic  pathways  to  have  any  major  therapeutic  benefit  for 
individuals  with  ALS.  Therefore,  it  is  vital  to  explore  upstream  mechanisms  for  MN  degeneration.  DNA 
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damage  could  be  involved  in  the  pathogenesis  of  ALS  (Bradley  and  Krasin,  1982).  A  key  DNA  lesion  is 
OHdG.  OHdG  is  a  mutagenic  lesion.  Most  DNA  polymerases  fail  to  recognize  this  mismatch,  resulting  in 
base  transversions  (Norbury  and  Hickson,  2001).  Immunolocalization  experiments  have  shown  that 
OHdG  lesions  occur  directly  in  ALS  MN  (Martin,  2001). 

The  accumulation  of  DNA  damage  in  MN  could  be  a  stimulus  for  MN  degeneration  in  ALS.  This  idea 
is  supported  by  the  finding  that  p53  is  activated  in  MN  in  human  ALS.  By  immunoblotting,  p53  levels 
increase  in  vulnerable  regions  in  individuals  ALS  (Martin,  2000).  p53  accumulates  specifically  in  ALS 
MN.  This  p53  is  functionally  active  because  it  is  phosphorylated  at  serine392  and  has  increased  DNA 
binding  activity  (Martin,  2000,  2001). 

The  accumulation  of  DNA  damage  in  ALS  could  also  signify  perturbations  in  DNA  repair  processes. 
However,  the  number  of  studies  on  DNA  repair  in  ALS  is  few.  We  studied  the  expression  and  function  of 
the  class  II  apurinic/apyrimidinic  endonuclease  (APE)  in  ALS  CNS  has  been  studied  (Shaikh  and  Martin, 
2002).  This  protein  is  interesting  to  ALS  because  APE  functions  as  a  redox  factor  (redox  factor-1,  Ref-1) 
that  facilitates  the  DNA-binding  of  transcription  factors  through  redox  modulation.  APE  protein  levels 
and  repair  activity  are  increased  in  ALS  MN  regions,  supporting  the  possibility  that  DNA  damage  is  an 
upstream  mechanism  for  MN  degeneration. 

RNS  attack  of  the  NA,K  ATPase  a3  isoform  does  not  occur  during  striatal  neuron  necrosis  after 
hypoxia-ischemia  (HI) 

Sodium-potassium  ATPase  (Na,  K  ATPase)  is  a  ubiquitous  cell  membrane  enzyme  vital  in  the  neuron 
for  establishment  of  cellular  volume  and  the  resting  membrane  potential.  In  regions  of  the  brain  (striatum, 
thalamus,  hippocampus,  and  somatosensory  cortex)  selectively  vulnerable  to  HI,  high  levels  of  Na/K 
ATPase  activity  are  present.  Furthermore,  in  our  animal  model  of  HI  and  recovery,  we  have  shown  a 
biphasic  pattern  of  Na,  K  ATPase  inactivation  in  the  striatum  (Golden  et  al.,  2001).  Enzyme  activity 
acutely  decreases  at  3  hours  post-injury,  recovers  to  near  sham  control  values  at  6  h,  and  then  declines  to 
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~55%  of  control  throughout  the  remainder  of  recovery.  The  mechanism  by  which  this  inhibition  of  Na,  K 
ATPase  occurs  may  involve  ROS. 

ONOO'  has  been  described  as  a  potential  mediator  of  cell  death  in  pathological  processes.  In  our 
piglet  model  of  HI,  we  demonstrated  that  neuronal  death  in  the  striatum  occurs  via  necrosis,  with  a  burst 
of  oxidative  stress  and  extensive  tyrosine  nitration  of  cellular  proteins,  which  serves  as  a  marker  of 
ONOO'  modification  (Martin  et  al.,  2000).  We  tested  the  hypothesis  that  striatal  Na,  K  ATPase  is 
vulnerable  to  direct,  ONOO-mediated  attack  and  that  protein  nitration  in  vivo  emerges  with  the  known 
pattern  of  enzyme  inactivation  during  recovery  from  HI  (Golden  et  al.,  2003).  In  vitro,  reaction  of  ONOO" 
(100-500  pM)  with  purified  Na,  K  ATPase  produced  nitration  of  the  a  (catalytic)  and  P  (transport) 
subunits,  as  quantified  by  immunoblots  of  the  reaction  products  for  nitrotyrosine.  To  evaluate  for  ONOO' 
damage  to  Na,  K  ATPase  in  vivo,  striatal  plasma  membrane  fractions  from  piglets  subjected  to  asphyxic 
cardiac  arrest  and  recovery  were  also  studied  by  immunoprecipitation.  During  the  progression  of  striatal 
neurodegeneration  and  loss  of  enzyme  function  3-24  hours  after  arrest,  nitration  of  the  a3  (neuronal) 
isoform  of  Na,  K  ATPase  was  not  increased  relative  to  sham  control.  We  conclude  that  Na,  K  ATPase  is 
a  target  of  ONOO',  but  that  this  mechanism  is  not  responsible  for  enzyme  inactivation  after  HI. 

Hypothesis  4:  Antioxidant  and  caspase  inhibitor  treatments  prevent  neuronal  apoptosis. 

We  believe  that  DNA  damage  is  an  early  upstream  signal  for  neuronal  apoptosis.  This  hypothesis  is 
supported  by  our  earlier  work  and  the  experiments  conducted  during  the  first  and  second  years  of  this 
project.  For  example,  thalamic  neurons  (Al-Abdulla  and  Martin,  1998)  and  motor  neurons  (Martin  et  al., 
1999)  sustain  hydroxyl  radical  damage  to  DNA  during  apoptosis.  Furthermore,  using  SCGE,  we  have 
identified  recently  that  DNA-SSB  occur  very  early  in  the  progression  of  neuronal  apoptosis  (Liu  and 
Martin,  200 la, b,).  This  DNA  damage  found  in  vivo  has  the  same  fingerprint  as  the  DNA  damage  caused 
by  ROS  (Liu  and  Martin,  2001a, b).  We  have  also  found  that  apoptosis  of  thalamocortical  projection 
neurons  requires  the  presence  of  the  Bax  gene  and  is  modified  by  a  functional  p53  gene  (Martin  et  al., 
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2001),  and  that  motor  neuron  death  after  nerve  avulsion  is  p53-  and  Bax-dependent  apoptosis  (Martin  and 
Liu,  2002a).  We  therefore  believe  that  oxidative  damage  to  DNA  is  an  upstream  signal  in  the  mechanisms 
for  neuronal  apoptosis. 

Transgenic  antioxidant  therapy  protects  against  neuronal  apoptosis 

We  evaluated  if  oxidative  stress  participates  in  the  mechanisms  of  dLGN  neuron  apoptosis  by 
determining  if  antioxidant  strategies  are  neuroprotective  in  our  model.  Transgenic  and  pharmacological 
antioxidant  therapies  were  used.  Transgenic  mice  overexpressing  normal  human  SOD1  showed  a 
significant  attenuation  (40%)  in  the  neuronal  loss  at  7  days  postlesion  compared  to  wildtype  mice.  In 
contrast,  neither  trolox  nor  ascorbate  showed  any  efficacy  in  preventing  neuronal  loss  in  the  dLGN  after 
target  deprivation.  The  only  known  function  of  SOD1  is  catalyzing  the  dismutation  of  superoxide  anion 
into  02  and  H202  (McCord  and  Fridovich,  1969).  Our  results  directly  implicate  superoxide,  or  its 
derivative  ONOO",  in  the  trigger  for  neuronal  apoptosis  in  vivo.  We  do  not  yet  know  if  the  protection 
afforded  by  enforced  SOD1  expression  is  due  to  increased  SOD1  after  target  deprivation/axotomy  or  if 
the  neurons  in  these  animals  are  intrinsically  more  resistant  to  injury  due  to  brain  changes  that  have 
occurred  during  their  lifetime.  We  hypothesize  that  the  mechanism  of  SOD1  neuroprotection  in  dLGN 
neurons  is  through  potentiated  SOD1  induction  early  after  the  injury  and  attenuation  of  DNA  strand 
breakage  and  p53  activation.  Previous  work  on  the  benefits  of  antioxidant  pharmacotherapy  in  protecting 
against  target  deprivation/axotomy-induced  neuronal  apoptosis  is  scant,  and  existing  studies  have 
employed  entirely  different  model  systems  than  that  used  here. 

Caspase-3  inhibition  blocks  neuronal  apoptosis  induced  by  DNA  damage  in  immature  but  not 
mature  neurons 

We  evaluated  possible  neuroprotective  effect  of  caspase-3  inhibition  on  DNA  damage-induced 
apoptosis  of  neurons  induced  by  CPT.  A  cell  permeable  reversible  caspase-3  inhibitor  Ac- 
AAVALLPAVLLALLAPDEVD-CHO  (Alexis  Biochemicals)  was  tested.  Caspase-3  inhibition  blocked 
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CPT-induced  apoptosis  in  immature  cortical  neurons  but  not  in  mature  cortical  neurons  (Lesuisse  and 
Martin,  2002b,  Appendix). 

MEK  inhibitors  block  DNA  damage-induced  apoptosis  in  both  immature  and  mature  cortical 
neurons 

We  evaluated  possible  neuroprotective  effects  of  MEK  inhibitors  on  DNA  damage-induced  apoptosis 
of  neurons  induced  by  CPT.  We  used  inhibitors  of  MEK1  (PD98059)  and  MEK1-MEK2  (U0126)  (both 
from  Cell  Signaling  Technology).  PD98059  and  U0126  were  dissolved  in  50%  ethanol/50%  DMSO  or 
70%  methanol/30%  DMSO,  respectively.  Both  drugs  were  used  at  final  concentrations  of  lOOpM,  and 
cells  were  pretreated  for  2  h  before  exposure  to  CPT.  Both  PD98059  and  U0126  blocked  apoptosis  in 
both  DIV5  and  DIV25  cortical  neurons.  The  antiapoptotic  effects  of  U0126  were  associated  with  a 
blockade  of  alterations  in  the  MAP  kinase  pathway  in  CPT  treated  neurons.  U0126  blocked  the 
subcellular  translocation  of  Erk54  from  soluble  to  nuclear  compartments  and  the  nuclear  accumulation  of 
cleaved  caspase-3  in  CPT-exposed  immature  neurons.  U0126  blocked  the  activation  of  Erk42/44  early  in 
the  process  of  apoptosis  in  CPT-exposed  mature  neurons.  U0126  also  blocked  MEKK1  degradation  and 
the  formation  of  the  putative  proapoptotic  MEKK1  fragments  and  active  caspase-3  in  immature  neurons. 
Treatment  with  U0126  further  decreased  the  level  of  full-length  MEKK1  in  CPT-exposed  mature 
neurons. 

Hypothermia  attenuates  the  early  NMDA  receptor  activation,  oxidative  stress,  and 
neurodegeneration  after  hypoxia-ischemia  (HI) 

The  cerebral  cortex,  hippocampus,  basal  ganglia,  thalamus,  and  cerebellum  are  extremely  vulnerable 
to  HI.  Neuronal  necrosis  is  a  major  early  form  of  neuropathology  occurring  after  HI,  though  the 
mechanisms  are  defined  poorly  and  strategies  for  sustained  neuroprotection  are  very  limited.  We  have 
hypothesized  that  the  mechanisms  for  the  profound  degeneration  of  striatal  neurons  after  HI  involve 
NMDA  receptor-mediated  excitotoxicity  (Martin  et  al.,  2000).  Protein  phosphorylation  is  a  major 
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mechanism  for  regulation  of  receptor  function  and  plays  a  role  in  NMDA  receptor  modulation  and 
activation.  We  examined  in  our  piglet  model  of  HI,  the  protein  levels  and  phosphorylation  status  of 
NMDA  receptors  after  HI  (Guerguerian  et  al.,  2001).  When  NMDA  receptor  subunit- 1  (NR1)  levels  are 
related  to  the  evolving  neuronal  cell  injury  in  the  putamen,  we  discovered  an  interesting  association.  NR1 
levels  are  lower  than  baseline  when  few  neurons  are  damaged,  but  levels  increase  as  the  number  of 
damaged  neurons  increases.  The  highest  levels  of  NR1  protein  correlate  with  the  highest  number  of 
neurons  showing  injury.  Because  of  this  apparent  relationship  between  NR1  levels  and  accumulating 
neuronal  injury,  the  levels  of  a  phosphorylated  form  of  NR1  were  measured  to  indirectly  analyze  NR1 
activation  after  HI.  Piglet  synaptic  membrane  fractions  of  total  striatum  were  probed  with  antibody 
recognizing  phospho-Ser897  NR1.  Incremental  increases  in  the  number  of  injured  neurons  in  the 
putamen  correlate  with  an  increase  in  phosphoNRl  levels,  further  suggesting  an  association  between 
evolving  neuronal  damage  and  NR1  activation.  The  increased  phosphoNRl  is  not  clearly  associated  with 
the  amount  of  elapsed  time  after  HI  but  rather  with  the  specific  amount  of  neuronal  damage  in  the 
putamen.  To  identify  whether  changes  in  NMDA  receptors  are  subunit  specific,  selected  NR2  subunits 
were  measured.  NR2B  levels  do  not  change  significantly  at  3,  6,  and  12  hours  recovery  after  HI  compared 
to  controls,  but,  at  24  h  after  HI,  NR2B  levels  are  elevated  significantly  above  control  at  24  hours  after 
HI.  The  levels  of  NR2B  do  not  relate  to  the  number  of  damaged  putaminal  neurons,  but  the  increase  is 
associated  with  augmented  astroglial  expression  evolving  in  parallel  with  the  neuronal  damage.  NR2A 
levels  in  striatum  of  HI  piglets  are  not  different  from  control  during  the  3-24  h  evaluation  period.  We 
concluded  that  NMDA  receptor  subunits  are  changed  differentially  in  the  striatum  after  neonatal  HI  and 
that  abnormal  NMDA  receptor  potentiation  through  increased  NR1  phosphorylation  participates  in  the 
mechanisms  of  striatal  neuron  degeneration  after  HI. 

We  found  that  24  hours  of  mild  hypothermia  (34  °C)  with  sedation  and  muscle  relaxation  after  HI 
profoundly  protects  against  neurodegeneration  (Agnew  et  al.,  2003).  Moreover,  this  effect  is  sustained 
without  deleterious  side  effects.  The  neuroprotective  effects  of  hypothermia  appear  to  be  mediated  by 
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silencing  of  NMDA  receptor  signaling  and  attenuation  of  oxidative  stress  (Agnew  et  al.,  2001),  These 

findings  could  have  pathophysiological  and  therapeutic  relevance  for  combat  casualty  care. 

KEY  RESEARCH  ACCOMPLISHMENTS  SUPPORTED  BY  DAMD17-99-1-9553 

•  Neuronal  apoptosis  in  the  adult  brain  and  spinal  cord  is  controlled  by  the  box  gene  and  is  Bax 
dependent  (Martin  et  al.,  2001;  Martin  and  Liu,  2002,  Appendix) 

•  Bax  upregulation  during  neuronal  apoptosis  requires  a  functional p53  gene  (Martin  et  al.,  2001; 

Martin  and  Liu,  2002,  Appendix) 

•  The  neurotoxin  kainic  acid  induces  large-scale  neuronal  apoptosis  with  structural  and  molecular 
characteristics  of  PCD  in  developing  brain  (Lok  and  Martin,  2002). 

•  Caspase-3  is  activated  during  trauma-  and  hypoxia-ischemia-induced  neuronal  apoptosis  in  the 
mature  and  immature  CNS  (Martin  et  al.,  2001;  Northington  et  al.,  2001b;  Martin  and  Liu,  2002; 
Natale  et  al.,  2002,  Appendix) 

•  Caspase-3  is  activated  during  excitotoxic  neuronal  apoptosis  (Lok  and  Martin,  2002). 

•  Caspase-3  activation  coincides  with  intemucleosomal  degradation  of  genomic  DNA  during  neuronal 
apoptosis  (Martin  and  Liu,  2002a;  Lok  and  Martin,  2002). 

•  Bax  translocates  rapidly  (within  2  hours)  to  mitochondria  after  an  excitotoxic  stimulus  (Lok  and 
Martin,  2002). 

•  Rapid  subcellular  redistribution  of  Bax  precedes  caspase-3  and  endonuclease  activation  during 
excitotoxic  neuronal  apoptosis  (Lok  and  Martin,  2002). 

•  Mitochondria  in  the  developing  brain  have  more  Bax  than  mitochondria  in  adult  brain  (Lok  and 
Martin,  2002). 

•  A  plasma  membrane  death  receptor  (Fas)  is  activated  in  some  forms  of  CNS  neuron  apoptosis 
(Northington  et  al.,  2001,  Appendix) 
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•  Mouse  cortical  neurons  can  be  cultured  in  a  viable  state  for  long-term  and  can  be  used  to  model 
neuronal  development,  aging,  and  death  (Lesuisse  and  Martin,  2002a, b). 

•  Both  immature  and  mature  cortical  neurons  are  capable  of  activating  apoptotic  mechanisms  induced 
by  DNA  damage  (Lesuisse  and  Martin,  2002a). 

•  Synucleins  have  differential  localizations  during  cortical  neurons  development  (Lesuisse  and  Martin, 
2002a). 

•  p-synuclein  is  enriched  in  dentiric  growth  cones  (Lesuisse  and  Martin,  2002a). 

•  Synuclein  protein  levels  do  not  change  at  preapoptotic  stages  of  neuronal  apoptosis  (Lesuisse  and 
Martin,  2002b). 

•  Immature  and  mature  cortical  neurons  engage  different  apoptotic  mechanisms  involving  caspase-  and 
the  MAP  kinase  pathway  (Lesuisse  and  Martin,  2002b). 

•  Mitochondria  are  targets  of  cleaved  caspase-3  (Lok  and  Martin,  2002;  Lesuisse  and  Martin,  2002b). 

•  Single  neurons  can  be  profiled  for  different  DNA  lesions  (Liu  and  Martin,  200 1 a,b). 

•  AP  sites,  SSB,  and  DSB  can  be  profiled  in  single  neurons  by  the  comet  assay  (Liu  and  Martin, 

2001a, b). 

•  Different  forms  of  ROS  induce  different  DNA  damage  signatures  in  neurons  (Liu  and  Martin,  2001b). 

•  SOD1  overexpression  attenuates  neuronal  apoptosis  in  vivo. 

•  The  formation  of  DNA  single-strand  breaks  is  an  early  upstream  signal  for  Bax-  and  p53 -dependent 
neuronal  apoptosis  (Martin  and  Liu,  2002) 

•  Inhibition  of  Na,K  ATPase  is  a  pre-necrotic  event  during  acute  brain  injury  (Golden  et  al.,  2001) 

•  Neuronal  Na,K  ATPase  is  a  target  of  ONOO'  (Golden  et  al.,  2003) 

•  NMDA  receptor  activation  and  oxidative  damage  are  pre-necrotic  events  during  acute  brain  injury 
(Guerguerian  et  al.,  2002) 

•  Caspase-3  and  MEK  inhibitors  block  DNA  damage-induced  neuronal  apoptosis  (Lesuisse  and  Martin, 
2002b). 
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•  Mild  hypothermia  with  sedation  and  muscle  paralysis  cause  sustained  neuroprotection  against  acute 
brain  injury  without  deleterious  side  effects 
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CONCLUSIONS 

The  DAMD17-99-1-9553  contract  has  been  highly  productive,  evolving  by  incorporating  innovative 
technologies  and  has  always  focused  on  mechanisms  of  neurodegeneration.  Each  of  the  four  original 
hypotheses  outlined  in  our  proposal  has  been  addressed  and  new  ground  was  broken  in  our  study  of 
neuronal  apoptosis.  DAMD17-99-1-9553  has  supported  ~24  original  peer-reviewed  publications  and  6 
book  chapters/reviews  on  neuronal  cell  death.  This  progress  has  included  work  on  the  contribution  of 
apoptosis  to  retrograde  neurodegeneration  after  target  deprivation  in  adult  and  newborn  brain,  the 
validation  of  the  cortical  ablation  model  as  a  system  to  study  apoptosis  of  neurons  in  a  homogeneous 
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population  of  cells,  the  dependence  of  this  apoptosis  on  Bax  and  the  possible  roles  of  other  Bcl-2  family 

t 

members  (eg,  Bak  and  Bad),  the  regulation  of  dLGN  neuron  apoptosis  by  p53,  the  identification  of 
ROS/RNS -generated  DNA  damage  as  a  possible  upstream  signal  for  neuron  cell  death,  and  the 
development  of  a  method  to  profile  DNA  damage  in  single  neurons  using  SCGE  (comet  assay).  With  the 
funding  provided  by  the  USAMRMC,  we  have  identified  molecules  that  regulate  mammalian  neuron 
apoptosis,  including  p53,  Bax,  caspases,  and  protein  kinases.  We  have  identified  possible  upstream 
mechanisms  that  trigger  neuronal  cell  death  such  as  DNA  damage,  MAP  kinase  signaling,  and  Na,K 
ATPase  inactivation.  These  results  provide  direction  and  rationale  for  the  future  development  of  anti¬ 
apoptosis  and  anti-necrosis  therapies  for  a  variety  of  neurological  disorders. 

Under  this  contract  major  accomplishments  at  the  technical  level  have  been  achieved.  We  developed 
neuronal  isolation  procedures  and  quantitative  and  high-resolution  assays  to  study  the  biochemical  and 
molecular  regulation  of  neuronal  cell  death  (e.g.,  comet  assay,  immunogold-EM).  The  method  that  we 
have  developed  to  isolate  adult  motor  neurons  can  be  used  in  future  studies  to  isolate  and  profile  DNA 
damage  in  other  populations  of  cells,  such  a  midbrain  dopamine  neurons,  in  other  animal  models  of 
neurodegeneration.  The  comet  assay  can  be  used  to  profile  DNA  damage  in  single  neurons  and  to  screen 
drugs  for  neuroprotective  actions.  Protein  translocation  and  subcellular  redistribution  can  be  measured 
directly  in  single  cells  with  our  immunogold-EM  assay.  Our  long-term  cortical  neuron  culture  system  can 
be  used  to  identify  the  molecular  and  genetic  regulation  of  DNA  damage-induced  neuronal  apoptosis  and 
to  screen  antiapoptotic  drugs  in  a  relatively  homogeneous  population  of  cells.  In  the  future,  we  plan  to  use 
in  vitro  screening  of  potential  antiapoptotic  drugs  in  addition  to  in  vivo  testing.  With  our  technical 
approaches  we  can  better  identify  mechanisms  of  neurotoxin  action  as  well  as  reveal  the  mechanisms  of 
action  of  neuroprotective  drugs. 

The  work  funded  through  this  USAMRMC  grant  has  implications  for  the  understanding  and  treatment 
of  acute  and  chronic  brain  injury  as  well  as  secondary  neuropathology.  Thus,  this  research  has  broad 
significance  for  military  personnel  and  civilians.  The  relevance  of  this  work  extends  to  the 
neurodegeneration  after  exposure  to  neurotoxins,  including  chemical  and  biological  warfare  agents,  and 
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radiation.  It  also  embraces  the  neurodegeneration  after  head  and  spinal  cord  trauma,  limb  amputation, 
seizures,  and  hypoxia-ischemia  caused  by  cardiac  arrest,  stroke,  and  increased  intracranial  pressure. 
Lastly,  this  work  is  also  important  for  the  further  understanding  of  the  pathogenesis  of  stroke, 

Alzheimer’s  disease,  ALS,  Huntington’s  disease,  and  Parkinson’s  disease. 
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Abstract 

The  mechanisms  of  injury-  and  disease-associated  apoptosis 
of  neurons  within  the  CNS  are  not  understood.  We  used  a 
model  of  cortical  injury  in  rat  and  mouse  to  induce  retrograde 
neuronal  apoptosis  in  thalamus.  In  this  animal  model,  uni¬ 
lateral  ablation  of  the  occipital  cortex  induces  apoptosis  of 
corticopetal  projection  neurons  in  the  dorsal  lateral  geniculate 
nucleus  (LGN),  by  7  days  post-lesion,  that  is  p53  modulated 
and  Bax  dependent.  We  tested  the  hypothesis  that  this 
degenerative  process  is  initiated  by  oxidative  stress  and  early 
formation  of  DNA  damage  and  is  accompanied  by  changes  in 
the  levels  of  pro-apoptotic  mediators  of  cell  death.  Immuno- 
blotting  revealed  that  the  protein  profiles  of  Bax,  Bak  and  Bad 
were  different  during  the  progression  of  neuronal  apoptosis  in 
the  LGN.  Bax  underwent  a  subcellular  redistribution  by  1  day 
post-lesion,  while  Bak  increased  later.  Bad  showed  an  early 
sustained  increase.  Cleaved  caspase-3  was  elevated  maxi¬ 
mally  at  5  and  6  days.  Active  caspase-3  underwent  a 


subcellular  translocation  to  the  nucleus.  A  dramatic  phos¬ 
phorylation  of  p53  was  detected  at  4  days  post-lesion.  DNA 
damage  was  assessed  immunocytochemically  as  hydroxyl 
radical  adducts  (8-hydroxy-2-deoxyguanosine)  and  single- 
stranded  DNA.  Both  forms  of  DNA  damage  accumulated  early 
in  target-deprived  LGN  neurons.  Transgenic  overexpression 
of  superoxide  dismutase-1  provided  significant  protection 
against  the  apoptosis  but  antioxidant  pharmacotreatments 
with  trolox  and  ascorbate  were  ineffective.  We  conclude  that 
overlapping  and  sequential  signaling  pathways  are  involved  in 
the  apoptosis  of  adult  brain  neurons  and  that  DNA  damage 
generated  by  superoxide  derivatives  is  an  upstream  mech¬ 
anism  for  p53-regulated,  Bax-dependent  apoptosis  of  target- 
deprived  neurons. 

Keywords:  Alzheimer’s  disease,  amyotrophic  lateral  scler¬ 
osis,  cell  death,  DNA  damage,  Parkinson’s  disease,  traumatic 
brain  injury. 

J.  Neurochem.  (2003)  85,  234-247. 


Dysregulated  apoptosis  may  contribute  to  the  pathophysio¬ 
logy  of  CNS  damage  in  acute  neuropathological  disorders, 
such  as  cerebral  ischemia  (MacManus  and  Linnik  1997; 
Martin  et  al.  1998)  and  CNS  trauma  (Liu  et  al.  1997; 
Yakovlev  et  al.  1997;  Conti  et  al.  1998),  and  in  chronic 
neurodegenerative  diseases,  such  as  Alzheimer’s  disease 
(Anderson  et  al.  1996;  Kitamura  et  al.  1999),  amyotrophic 
lateral  sclerosis  (Martin  1999;  Mattson  et  al.  1999)  and 
Parkinson’s  disease  (Burke  and  Kholodilov  1998).  Know¬ 
ledge  of  the  mechanisms  of  apoptosis  in  post-mitotic  cells 
such  as  neurons  is  limited  compared  with  non-nervous  tissue 
cells.  In  cultures  of  neonatal  superior  cervical  ganglion 
neurons  or  cerebellar  granular  cells  (Deckwerth  et  al.  1996; 
Miller  et  al.  1997;  Putcha  et  al.  2001,  2002)  and  in 


developmental  models  of  neuronal  death  (Deckwerth  et  al. 
1996),  expression  and  translocation  of  the  multidomain 
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pro-apoptotic  family  member  Bax  are  critical  for  apoptosis  of 
neurons.  Bim,  a  BH3-only  protein,  also  appears  to  have  a 
pro-apoptotic  role  in  apoptosis  of  peripheral  neurons  (Putcha 
et  al.  200 1).  Much  less  work  has  been  done  on  the  mechanisms 
of  CNS  neuron  apoptosis  in  vivo.  A  more  complete  under¬ 
standing  of  the  molecular  mechanisms  that  trigger  and  regulate 
neuronal  apoptosis  within  the  CNS  could  be  therapeutically 
relevant  to  acute  and  chronic  neurological  disorders. 

We  used  an  animal  injury  model  of  neurodegeneration  to 
further  understand  in  vivo  mechanisms  of  neuronal  apoptosis. 
Ablation  of  the  visual  cortex  induces  retrograde  neuronal 
degeneration  in  the  dorsal  lateral  geniculate  nucleus  (dLGN) 
of  thalamus  (Lashley  1941;  Barron  et  al.  1967;  Giolli  and 
Guthrie  1971).  The  geniculocortical  projection  neurons  die 
by  a  morphological  process  that  is  unequivocal  apoptosis 
(Al- Abdulla  et  al.  1998;  Al- Abdulla  and  Martin  2002).  This 
cell  death  is  preceded  by  an  accumulation  of  apparently 
active  mitochondria  in  the  perikaryon  and  might  emerge  with 
oxidative  damage  to  genomic  DNA  of  the  highly  vulnerable 
projection  neurons  (Al- Abdulla  and  Martin  1998).  Apoptosis 
of  geniculocortical  projection  neurons  requires  the  presence 
of  the  Bax  gene  and  is  modified  by  a  functional  p53  gene, 
further  supporting  a  role  for  apoptosis  in  this  neurode¬ 
generation  and  the  possible  role  of  DNA  damage  as  a  trigger 
(Martin  et  al.  2001).  Despite  this  information  on  the 
molecular  genetics  of  this  neuronal  apoptosis,  it  is  still  not 
clear  how  these  neurons  die.  We  tested  the  hypothesis  that 
neuronal  apoptosis  in  this  in  vivo  CNS  model  is  accompanied 
by  changes  in  the  levels  of  pro-apoptotic  mediators  of  cell 
death  and  by  the  early  formation  of  DNA  damage. 

Materials  and  methods 

Lesion  paradigm  to  study  neuronal  apoptosis  in  vivo 
An  occipital  cortex  aspiration  lesion  served  as  the  model  for  producing 
axotomy  and  target  deprivation  of  lateral  geniculate  nucleus  (LGN) 
projection  neurons  in  rat  and  mouse.  The  accuracy  and  reproducibility 
of  this  CNS  lesion  have  been  described  previously  (AI-AbdulIa  et  al. 
1998;  Martin  et  al.  2001).  Lesions  were  done  on  adult  (weight  ~  150- 
300  g)  male  Sprague-Dawley  rats  (n  =  160),  purchased  from  Charles 
River  Laboratories  Inc.  (Wilmington,  MA,  USA)  and  adult  male 
C57BL/6  mice  ( n  =  26).  The  institutional  Animal  Care  and  Use 
Committee  approved  the  animal  protocols.  The  animals  were 
anesthetized  with  a  mixture  of  enflurane  :  oxygen  :  nitrous  oxide 
(1  :  33  :  66)  and  placed  in  a  stereotaxic  apparatus.  The  scalp  was 
incised  at  the  midline  and  a  craniotomy  was  made.  The  dura  was 
incised  with  a  fresh,  sterile  22-gauge  needle.  The  cortex  underlying  the 
craniotomy  was  then  aspirated  using  a  blunt-tipped  22-gauge  needle 
connected  to  a  vacuum  line,  without  damaging  the  surrounding 
venous  sinuses  and  the  underlying  hippocampus. 

Immunoblotting  for  cell  death  proteins 

Bax,  Bak,  Bad,  caspase-3  and  phospho-p53  protein  levels  were 
measured  during  the  progression  of  neuronal  apoptosis.  Samples  of 


LGN  (ipsilateral  and  contralateral)  were  collected  for  immunoblotting 
at  1, 4,  5  and  6  days  after  occipital  cortex  ablation  ( n  =  12-15  rats/ 
time  point).  Animals  were  deeply  anesthetized  with  chloral  hydrate, 
decapitated  and  the  brain  was  removed  quickly  and  placed  on  ice. 
Under  a  microsurgical  stereomicroscope,  the  cerebral  cortex  was 
reflected  to  visualize  the  dorsal  thalamus.  The  LGN  is  readily 
discernible  by  surface  landmarks.  Using  iridectomy  scissors,  the 
LGN  from  ipsilateral  (target  deprived)  and  contralateral  (control) 
thalamus  was  microdissected  from  each  rat  and  frozen  quickly  in 
liquid  nitrogen.  The  LGN  samples  from  target-deprived  and  control 
sides  were  pooled  from  12-15  rats  for  each  time  point.  The  accuracy 
of  the  LGN  microdissection  was  verified  by  removing  LGN  samples 
and  then  placing  the  brainstems  in  4%  paraformaldehyde.  After¬ 
wards  the  brainstems  were  cryoprotected  in  phosphate-buffered  20% 
glycerol,  cut  and  rostral  brainstem  sections  were  stained  with  cresyl 
violet  and  viewed  microscopically  (Fig.  la). 

Microdissected  LGN  samples  were  homogenized  with  a  polytron 
(Brinkmann  Instruments,  Westbury,  NY,  USA)  in  ice-cold  20  mM 
Tris  HC1  (pH  7.4)  containing  10%  (w/v)  sucrose,  200  mM  mann¬ 
itol,  20  U/mL  aprotinin,  20  pg/mL  leupeptin,  20  pg/mL  antipain, 
20  pg/mL  pepstatin  A,  20  pg/mL  chymostatin,  0. 1  mM  phenyl- 
methylsulfonyl  fluoride,  10  mM  benzamidine,  1  mM  EDTA  and 
5  mM  EGTA.  Crude  homogenates  were  sonicated  for  15  s  and  then 
centrifuged  at  1000  gav  for  10  min  (4°C),  the  resulting  pellet 
consisting  of  the  nuclear-enriched  fraction  was  washed  (twice)  by 
trituration  in  homogenization  buffer  followed  by  centrifugation  and 
then  finally  resuspended  in  homogenization  buffer  (without  sucrose) 
supplemented  with  20%  (w/v)  glycerol.  The  supernatant  fluid  was 
then  centrifuged  at  54  000  gav  for  20  min  (4°C)  to  yield  soluble  (S2) 
and  mitochondria-enriched  pellet  (P2)  fractions.  The  pellet  fraction 
was  washed  (twice)  by  trituration  in  homogenization  buffer 
followed  by  centrifugation  and  then  finally  resuspended  in  homo¬ 
genization  buffer  (without  sucrose)  supplemented  with  20%  (w/v) 
glycerol.  Protein  concentrations  in  all  fractions  were  measured  by  a 
protein  assay  (Bio-Rad  Laboratories,  Hercules,  CA,  USA)  with 
bovine  serum  albumin  as  a  standard.  This  subcellular  fractionation 
protocol  has  been  verified  previously  in  other  CNS  tissues  (Martin 

2000)  and  confirmed  in  this  LGN  model  (Figs  lb  and  c;  Martin 
et  al.  2001)  using  antibodies  to  neuronal  nuclear  protein  NeuN 
(Chemicon,  Temecula,  CA,  USA),  lactate  dehydrogenase  (Rockland 
Immunochemicals,  Gilbertsville,  PA,  USA)  and  cytochrome  c 
oxidase  subunit  1  (Coxl;  Molecular  Probes,  Eugene,  OR,  USA) 
to  evaluate  the  purity  of  nuclear,  soluble  and  mitochondria-enriched 
protein  fractions,  respectively. 

Proteins  from  ipsilateral  and  contralateral  LGN  samples  were 
subjected  to  15%  sodium  dodecyl  sulfate-polyacrylamide  gel 
electrophoresis  and  transferred  to  nitrocellulose  membrane  by 
electroelution  as  described  by  Martin  (1999).  Several  different  cell 
death  proteins  were  evaluated  (Table  1).  A  fusion  protein  containing 
amino  acids  1-171  of  mouse  Bax  (Santa  Cruz  Biotechnology,  Santa 
Cruz,  CA,  USA)  served  as  a  positive  control  for  Bax  immunoblots. 
The  CNS  extracts  from  Bax'  "  mice  and  p53-/~  mice  (Martin  et  al. 

2001)  as  well  as  peptide  competition  with  an  amino  terminal  peptide 
of  Bax-ot  (Santa  Cruz)  were  negative  controls  for  Bax  blots.  A  fusion 
protein  containing  amino  acids  1-21 1  of  human  Bak  (Santa  Cruz)  and 
HeLa  and  A-431  cell  lysates  served  as  positive  controls  for  Bak 
immunoblots.  Peptide  competition  with  an  amino  terminal  peptide  of 
Bak  (Santa  Cruz)  was  a  negative  control  for  Bak  blots.  A  fusion 
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Fig.1  Verification  of  dorsal  lateral  geniculate  nucleus  (dLGN)  micro¬ 
dissection  and  tissue  subcellular  fractionation,  (a)  Cresyl  violet-stained 
transverse  section  of  a  rat  thalamus  demonstrating  the  high  accuracy 
of  the  dLGN  microdissection.  In  this  example,  the  dLGN  was  removed 
from  only  one  side  of  the  brain  (upper  right  side)  and  the  ventral  LGN 
(vLGN)  is  preserved,  (b)  dLGN  ipsilateral  (i)  and  contralateral  (c)  tis¬ 
sues  at  5  days  post-lesion  (5d)  were  fractionated  into  soluble  (S2)  and 
pellet  (P2)  proteins  and  were  subjected  to  sodium  dodecyl  sulfate- 
polyacrylamide  gel  electrophoresis  (SDS-PAGE;  each  lane  contains 
protein  extracts  that  were  pooled  from  LGN  samples  from  12  rats), 
transferred  to  nitrocellulose  membranes  and  immunoblotted  with 
monoclonal  antibody  to  cytochrome  c  oxidase  subunit  1  (Coxl).  The 
high  levels  of  the  mitochondrial  enzyme  Coxl  verified  the  mitochondria 
enrichment  of  the  pellet  P2  fractions.  Coxl  was  not  detected  in  the 
soluble  protein  (S2)  fractions  irrespective  of  whether  they  were  from 
the  target-deprived  ipsilateral  dLGN  or  from  the  control  contralateral 
dLGN.  The  lesion  did  not  alter  the  level  of  Coxl  at  5  days,  (c)  dLGN 
contralateral  (c)  and  ipsilateral  (i)  tissues  at  5  days  post-lesion  (5d) 
were  fractionated  into  soluble  (S2)  and  nuclear  (PI)  proteins  and  were 
subjected  to  SDS-PAGE  (each  lane  contains  protein  extracts  that 
were  pooled  from  LGN  samples  from  12  rats),  transferred  to  nitro¬ 
cellulose  membranes  and  immunoblotted  with  monoclonal  antibody  to 
the  neuronal  nuclear  protein  NeuN.  The  high  levels  of  the  neuronal 
nuclear  protein  verified  the  nuclear  enrichment  of  the  pellet  PI  frac¬ 
tions.  NeuN  was  not  detected  in  the  soluble  protein  (S2)  fractions 
irrespective  of  whether  they  were  from  the  target-deprived  ipsilateral 
dLGN  or  from  the  control  contralateral  dLGN.  The  lesion  did  not  alter 
the  level  of  NeuN  for  5  days  post-lesion. 


Table  1  Expression  profiling  of  cell  death  regulators  by  immunoblot- 
ting 


Cell  death  protein 

Antibody  source 

Dilution  (pg/mL) 

Bax 

Upstate 

1 

Bax 

Santa  Cruz 

0.4 

Bak 

Upstate 

1 

Bad 

Transduction  Laboratories 

0.5 

Caspase-3 

Santa  CrUz 

0.4 

Cleaved  caspase-3 

Cell  Signaling 

1  :  500 

Phospho-p53  (Seri  5) 

Cell  Signaling 

0.1 

protein  containing  amino  acids  1-168  of  human  Bad  (Santa  Cruz) 
served  as  a  positive  control  for  Bad  blots.  Peptide  competition  with  a 
carboxy  terminal  peptide  of  Bad  (Santa  Cruz)  was  a  negative  control 
for  Bad  blots.  Caspase-3  was  detected  with  a  rabbit  polyclonal 
antibody  that  binds  both  the  pro-enzyme  and  the  cleaved  subunits 
(Santa  Cruz)  and  a  rabbit  polyclonal  antibody  that  binds  only  the 
cleaved  subunits  (Cell  Signaling  Technology,  Beverly,  MA,  USA). 
The  positive  control  for  cleaved  caspase  was  purified  active  caspase-3 
(Bio Vision  Research  Products,  Palo  Alto,  CA,  USA).  The  positive 
control  for  phospho-p53  was  lysates  of  neurons  exposed  to  the  DNA- 
damaging  agent  camptothecin  (Lesuisse  and  Martin  2002).  The 
reliability  of  sample  loading  and  electroblotting  in  each  experiment 
was  evaluated  by  staining  nitrocellulose  membranes  with  Ponceau  S 
before  immunoblotting.  Blots  were  blocked  with  2.5%  non-fat  dry 
milk  with  0.1%  Tween  20  in  50  nw  Tris-buffered  saline  (pH  7.4)  and 
•then  incubated  overnight  at  4°C  with  antibody.  The  antibodies  were 
used  at  concentrations  for  visualizing  immunoreactive  proteins  within 
the  linear  range  (Lok  and  Martin  2002).  After  the  primary  antibody 
incubation,  blots  were  washed  and  incubated  with  horseradish 
peroxidase-conjugated  secondary  antibody  (0.2  pg/mL),  developed 
with  enhanced  chemiluminescence  (Pierce,  Rockford,  IL,  USA)  and 
exposed  to  X-ray  film.  The  blots  were  then  reprobed  with  monoclonal 
antibodies  to  synaptophysin  (Boehringer  Mannheim,  Indianapolis, 
IN,  USA)  or  synapse-associated  protein-25  (Stemberger  Monoclo- 
nals,  Lutherville,  MD,  USA)  as  controls  for  protein  loading. 

To  quantify  protein  immunoreactivity  (IR),  films  were  scanned 
and  densitometry  was  performed  as  described  by  Martin  (1999).  For 
caspase-3,  pro-enzyme  and  the  cleaved  subunits  were  analysed 
separately.  Protein  levels  were  expressed  as  relative  optical  density 
measurements,  determined  by  comparing  the  density  and  area 
(average-integrated  optical  density)  of  the  immunoreactive  bands 
from  ipsilateral  LGN  samples  to  corresponding  bands  in  contralateral 
control  lanes  in  the  same  blot.  Immunodensities  for  death  proteins 
were  normalized  to  Ponceau  S-stained  proteins  or  to  synaptic  protein 
IR  within  the  same  lanes.  Two  different  normalization  procedures 
were  used  because  different  subcellular  fractions  were  analysed. 
Synaptic  proteins  were  used  for  the  normalization  of  soluble  and 
pellet  fractions,  while  Ponceaus  S  was  used  for  the  normalization  of 
nuclear  fractions  due  to  the  low  level  of  synaptic  proteins  in  this 
fraction.  The  values  for  each  time  point  were  replicated  in  triplicate 
or  quadruplicate  experiments.  Comparisons  were  made  between  the 
ipsilateral  and  contralateral  LGN  samples  at  the  same  post-lesion 
time  poinL  Statistical  analyses  of  group  means  and  variances  were 
performed  using  a  one-way  analysis  of  variance  (anova)  followed  by 
a  post-hoc  Newman-Keuls  test  for  individual  comparisons. 

Caspase-3  activity  assay 

Caspase-3  enzyme  activity  was  measured  in  LGN  samples  using  a 
colorimetric  assay  kit  (Chemicon).  This  assay  is  based  on  spectropho- 
tometric  detection  (405  nm)  of  the  chromophore  p-nifroaniline  after 
caspase-mediated  cleavage  from  the  labeled  substrate  Asp-Glu-Val- 
Asp  (DEVD)-p-nitroaniline.  Recombinant  human  active  caspase-3 
(Chemicon)  was  used  as  a  positive  control.  Caspase-3  inhibitor 
(Ac-DEVD-CHO)  was  used  as  a  negative  control.  Caspase-3  activity 
was  measured  in  soluble  and  nuclear  fractions  of  ipsilateral  and  con¬ 
tralateral  LGN  samples  at  1, 4, 5  and  6  days  post-lesion  (n  =  12  rats/ 
time  point).  All  assays  were  done  in  duplicate  at  two  different  protein 
concentrations  (50  and  100  pg).  The  group  means  and  variances  were 
evaluated  by  one-way  anova  and  a  Newman-Keuls  post-hoc  test. 


©  2003  International  Society  for  Neurochemistry,  J.  Neurochem.  (2003)  85,  234-247 


Mechanisms  of  neuronal  apoptosis  in  vivo  237 


Identification  of  DNA  damage 

Rats  received  unilateral  occipital  cortex  ablations  and  were  killed  by 
an  overdose  of  chloral  hydrate  and  perfusion  fixation  (4%  parafor¬ 
maldehyde)  at  1,  2,  3,  4  and  5  days  post-lesion  (n  —  4  rats/time 
point).  The  brains  were  removed  from  the  skull  and  then  cryopro- 
tected  in  phosphate-buffered  20%  glycerol.  A  peroxidase-antiper¬ 
oxidase  detection  method  was  used  for  immunocytochemical  staining 
of  free-floating  brain  sections  with  diaminobenzidine  as  chromogen. 
Two  different  forms  of  DNA  damage  were  evaluated.  Hydroxy! 
radical  damage  to  DNA  was  detected  with  monoclonal  antibodies  to 
8-hydroxy-2-deoxyguanosine  (OHdG;  QED  Bioscience,  San  Diego, 
CA,  USA,  and  OXIS  International,  Portland,  OR,  USA).  These 
antibodies  to  OHdG  have  been  evaluated  for  specificity  by  multiple 
approaches  (Al-Abdulla  and  Martin  1998;  Martin  et  al.  1999).  In 
competition  experiments,  sections  were  reacted  with  antibody  to 
OHdG  that  was  incubated  at  4°C  for  24  h  with  1000-fold  concen¬ 
trations  of  OHdG,  8-hydroxyguanosine  or  guanosine  (Martin  et  al. 
1 999).  As  additional  controls,  sections  have  been  digested  with  DNase 
(5-10  mg/mL)  or  RNase  (11-50  mg/mL)  prior  to  incubation  with 
OHdG  antibody.  A  monoclonal  antibody  (Alexis  Biochemicals,  San 
Diego,  CA,  USA)  to  single-stranded  DNA  (ssDNA)  was  also  used, 
The  ssDNA  immunodetection  protocol  requires  pre-treatment  of 
sections  with  0.2  mg/mL  saponin  and  20  pg/mL  proteinase  K 
(20  min  at  room  temperature,  23°C)  and  then  50%  formamide 
(20  min  at  56°C)  for  DNA  denaturation.  Staining  for  ssDNA  has 
been  reported  to  be  a  specific  and  sensitive  method  for  the  detection 
of  apoptotic  cells  (Frankfurt  et  al.  1996).  Immunolabeled  sections 
were  counterstained  with  cresyl  violet.  Neurons  showing  nuclear 
immunopositivity  in  the  ipsilateral  and  contralateral  dLGN  were 
counted  at  lOOOx  magnification  in  three  matched  levels  from  each 
rat  by  an  observer  unaware  of  experimental  history.  Careful  focusing 
through  the  z-axis  was  used  to  distinguish  nuclear  labeling  from 
cytoplasmic  labeling.  Group  means  and  variances  were  evaluated 
statistically  by  one-way  anova  and  a  Newman-Keuls  post-hoc  test. 

Antioxidant  gene  therapy  and  pharmacotherapy  experiments 
We  studied  whether  oxidative  stress  participates  in  the  mechanisms 
for  retrograde  neuronal  death  in  the  adult  rat  brain  by  determining  if 
antioxidant  therapies  are  neuroprotective  by  blocking  apoptosis. 
Transgenic  (Tg)  and  pharmacological  therapies  were  used.  Unilat¬ 
eral  occipital  cortex  ablations  were  done  on  Tg  superoxide  dismu- 
tase-1  (SOD1)  mice  (n  —  16)  and  wild-type  non-Tg  C57BL/6  mice 
( n  =  10).  The  Tg  SOD1  mice  carry  a  12-kb  genomic  DNA  fragment 
encoding  wild-type  human  SOD1  (Wong  et  al.  1995).  The 
background  strain  for  these  mice  is  C57BL/6J.  Transgenic  expres¬ 
sion  of  SOD1  was  confirmed  by  genotyping  tail  genomic  DNA  and 
by  immunolocalization  of  human  SOD1  using  a  human-specific 
monoclonal  antibody  to  SOD1  (Sigma,  St  Louis,  MO,  USA).  This 
transgene  product  is  expressed  throughout  the  CNS  of  these  mice  in 
a  pattern  that  mimics  the  endogenous  protein,  but  levels  of  transgene 
expression  and  SOD1  activity  are  seven  to  10  times  higher  than  the 
level  of  endogenous  SOD1  (Wong  et  al.  1995).  For  pharmacother¬ 
apies,  we  used  trolox  (6-hydroxy-2,5,7,8-tetramethylchroman-2- 
carboxylic  acid;  Calbiochem,  San  Diego,  CA,  USA  and  Aldrich, 
St  Louis,  MO,  USA)  and  ascorbic  acid  (vitamin  C)  as  antioxidants. 
Trolox,  a  water-  and  lipid-soluble  vitamin  E  derivative,  is  a  cell- 
permeable  free  radical  scavenger  that  can  prevent  radiation-  and 
peroxynitrite  (ONOO')-induced  (Salgo  and  Pryor  1996)  apoptosis 


in  vitro  and  methyl  mercury-induced  neuronal  apoptosis  in  vivo 
(Usuki  et  al.  2001).  Trolox  was  dissolved  in  ethanol/saline  at  a  stock 
concentration  of  50  mg/mL.  Studies  showing  the  antioxidant  actions 
of  ascorbate  are  numerous  (Carr  and  Frei  1999).  Ascorbate  was 
dissolved  in  saline.  Rats  ( n  =  40)  were  treated  daily  on  day  0  (day 
of  lesion)  and  on  post-lesion  days  1-5  with  trolox  (50  mg/kg,  i.p.), 
ascorbic  acid  (50  mg/kg,  i.p.)  or  the  corresponding  vehicle.  Each 
treatment  group  had  1 0  animals.  The  Tg  and  wild-type  mice  and  rats 
with  test  therapies  were  killed  by  perfusion  fixation  (4%  parafor¬ 
maldehyde)  at  7  days  post-lesion.  After  perfusion-fixation,  brains 
were  altowed  to  remain  in  situ  for  1  h  before  they  were  removed 
from  the  skull.  The  brains  were  cryoprotected  in  20%  glycerol- 
phosphate-buffered  saline,  uniformly  blocked  and  frozen  under 
pulverized  dry  ice.  Coronal  serial  symmetrical  sections  (40  pm) 
through  the  thalamus  were  cut  using  a  sliding  microtome.  Serial 
sections  from  each  mouse  and  rat  brain  were  mounted  on  glass  slides 
and  stained  with  cresyl  violet  for  neuronal  counting.  Neuronal  counts 
in  the  ipsilateral  and  contralateral  dLGN  were  determined  by  an 
operator  unaware  of  sample  experimental  history  at  lOOOx  magnifi¬ 
cation  using  the  stereological  optical  disector  method  as  described 
(Calhoun  et  al.  1996;  Al-Abdulla  et  al.  1998).  Neurons  without 
apoptotic  structural  changes  were  counted.  These  criteria  included  a 
round,  open,  pale  nucleus  (not  condensed  and  stained  darkly), 
granular  Nissl  staining  of  the  cytoplasm  and  a  major  diameter  of  ~20- 
25  pm.  With  these  criteria,  astrocytes,  oligodendrocytes  and  micro¬ 
glia  were  excluded  from  the  counts.  Neuronal  counts  were  used  to 
determine  group  means  and  variances  and  comparisons  among  groups 
were  performed  using  a  one-way  anova  and  a  post-hoc  f-test. 

Results 

Lateral  geniculate  nucleus  microdissection 
and  subcellular  fractionation 

The  accuracy  of  the  microdissection  of  the  LGN  tissue 
samples  for  immunoblotting  and  biochemical  assays  was 
confirmed  (Fig.  la).  The  LGN  was  isolated  from  the  rat 
diencephalon  with  minimal  or  no  contamination  of  other 
brain  regions.  The  microdissection  was  precise  for  subdivi¬ 
sions  within  the  rat  LGN,  as  demonstrated  by  the  exclusion 
of  the  ventral  LGN  (Fig.  la). 

The  subcellular  fractions  of  the  dLGN  tissue  were 
evaluated  for  purity  after  homogenization  and  centrifugation. 
High  levels  of  Coxl  IR  confirmed  the  mitochondrial 
enrichment  of  the  P2  fraction  (Fig.  lb).  The  Coxl  levels 
were  maintained  in  the  mitochondria-enriched  fractions  of  the 
ipsilateral  dLGN  for  5  days  post-lesion.  Soluble  protein 
fractions  were  enriched  in  lactate  dehydrogenase  IR  (data  not 
shown)  but  were  devoid  of  mitochondrial  contamination 
(regardless  of  injury)  based  on  the  absence  of  Coxl  IR,  even 
after  prolonged  exposures  (Fig.  lb).  The  nuclear  enrichment 
of  the  P 1  fraction  was  verified  by  the  high  level  of  the  neuron- 
specific  nuclear  protein  NeuN  (Fig.  lc).  NeuN  levels  in  the 
ipsilateral  dLGN  were  maintained  for  5  days  post-lesion. 
NeuN  was  not  detected  in  the  S2  or  P2  fractions  (Fig.  lc). 
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Subcellular  localization  of  death  proteins  in  adult 
dorsal  lateral  geniculate  nucleus 

The  identification  of  an  immunoreactive  band  of  protein  as 
Bax  was  demonstrated  using  mutant  mice.  This  experiment 
was  done  because,  in  our  experience,  many  of  the  antibodies 
to  Bcl-2  family  proteins,  particularly  those  to  Bax,  are  not 
monospecifc.  Bax  IR  was  not  detected  in  brain  extracts  of 
Bax^-  mice  (n  =  2)  compared  with  a  strong  immunoreactive 
band  at  ~20-24  kDa  in  forebrain  extracts  of  wild-type  mice 
and  in  rat  dLGN  (Fig.  2a).  As  the  Bax  gene  is  activated  by 
p53  (Miyashita  and  Reed  1995),  p53^~  mice  (n  =  2)  were 
used  to  show  that  the  levels  of  this  immunoreactive  band  at 
~20-23  kDa  were  altered  by  the  presence  or  absence  of  p53. 
Forebrain  extracts  from  p53^_  mice  had  diminished  levels  of 
Bax  compared  with  wild-type  mice.  Results  with  liver 
extracts  were  similar  (Fig.  2a). 

The  relative  levels  of  cell  death  proteins  were  evaluated  in 
different  subcellular  compartments  in  adult  rat  dLGN.  The 
Bax  IR  was  much  higher  in  the  soluble  protein  compartment 
compared  with  the  mitochondria-enriched  membrane  com¬ 
partment  (Fig.  2b).  In  mitochondrial  fractions,  a  distinct 
doublet  was  observed  corresponding  to  the  detection  of 
a-Bax  and  fi-Bax  at  21  and  24  kDa,  respectively.  The  levels 
of  a-Bax  and  fi-Bax  in  the  adult  dLGN  were  similar 
(Fig.  2b).  In  contrast  to  Bax,  Bak  was  much  more  enriched  in 
the  mitochondria-enriched  membrane  compartment  com¬ 
pared  with  the  soluble  protein  compartment  (Fig.  2b).  Bad 
was  enriched  in  the  soluble  protein  compartment  relative  to 
the  mitochondrial  compartment  of  the  dLGN  but  was 
increased  in  the  mitochondria-enriched  compartment  after 
injury  (Fig.  2c). 

The  protein  expression  profiles  of  Bax,  Bak  and  Bad 
are  different  during  the  progression  of  neuronal 
apoptosis  in  the  dorsal  lateral  geniculate  nucleus 
Bax  levels  were  changed  at  early  pre-apoptotic  stages  of 
neuronal  death  (Figs  2d  and  3a).  At  1  day  post-lesion,  the 
Bax  level  was  <  50%  of  control  in  the  soluble  protein  fraction 
while,  in  marked  contrast,  the  Bax  level  was  >200%  of 
control  in  the  mitochondria-enriched  membrane  fraction 
(Fig.  3a).  At  4  and  5  days  post-lesion,  the  Bax  levels  in  the 
ipsilateral  dLGN  did  not  differ  significantly  from  control 
(Fig.  3a).  At  6  days  post-lesion,  a  significant  reduction  in 
Bax  IR  was  observed  in  the  soluble  protein  fraction  (Fig.  3a). 

.  Bak  levels  were  altered  later  in  the  post-lesion  time  course. 
Bak  was  detected  as  a  prominent  band  of  IR  at  ~30  kDa. 
Bak  IR  in  the  soluble  fraction  of  the  ipsilateral  dLGN  was  not 
different  from  control  at  1  and  4  days  post-lesion  but,  at  5 
and  6  days  post-lesion,  the  Bak  level  was  increased  signi¬ 
ficantly  above  control  level  (Fig.  3b).  Bak  IR  in  the 
mitochondria-enriched  fraction  of  the  ipsilateral  dLGN  was 
significantly  increased  above  contralateral  dLGN  at  4  and 
5  days  post-lesion,  but  returned  to  control  level  at  6  days 
post-lesion  (Fig.  3b). 


Fig.  2  Subcellular  distributions  of  cell  death  proteins,  (a)  Verification  of 
an  immunoreactive  protein  band  as  Bax.  Soluble  protein  fractions  from 
Bax-null,  p53-null  and  wild-type  mouse  forebrains,  p53-null  and  wild- 
type  mouse  livers,  and  rat  dorsal  lateral  geniculate  nucleus  (dLGN) 
were  subjected  to  sodium  dodecyt  sulfate-polyacrylamide  gel  electro¬ 
phoresis  (SDS-PAGE;  20  pg  total  protein  loaded  in  each  lane),  trans¬ 
ferred  to  nitrocellulose  and  probed  with  polyclonal  antibody  to  Bax 
(Upstate,  Charlottesville,  VA,  USA).  An  immunoreactive  band  was 
detected  at  ~20-23  kDa.  This  band  found  in  rat  dLGN  was  not  present 
in  Bax^~  mouse  brain  and  was  attenuated  in  p53~'~  mouse  brain.  A 
similar  attenuation  of  Bax  protein  was  found  in  pSS"'"  liver,  (b)  dLGN 
tissues  were  fractionated  into  soluble  (S2)  and  mitochondria-enriched 
pellet  (P2)  proteins  and  were  subjected  to  SDS-PAGE  (10  pg  total 
protein  loaded  in  each  lane),  transferred  to  nitrocellulose  membranes 
and  immunoblotted  with  polyclonal  antibodies  to  Bax  (Upstate)  and  Bak 
(Upstate).  Bax  was  more  enriched  in  the  soluble  protein  compartment 
compared  with  the  mitochondrial  compartment.  Bak  was  more  enriched 
in  the  mitochondrial  compartment  compared  with  the  soluble  com¬ 
partment.  (c)  dLGN  tissues  were  fractionated  into  soluble  (S2)  and 
mitochondria-enriched  pellet  (P2)  proteins  and  were  subjected  to  SDS- 
PAGE  (10  or  20  pg  total  protein  loaded  in  each  lane  for  S2  and  P2, 
respectively),  transferred  to  nitrocellulose  membranes  and  immuno¬ 
blotted  with  polyclonal  antibodies  to  Bad  (Transduction  Laboratory,  San 
Diego,  CA,  USA).  Bad  was  more  enriched  in  the  soluble  protein  com¬ 
partment  compared  with  the  mitochondrial  compartment.  Very  low 
levels  of  Bad  were  detected  In  mitochondrial  fractions  of  normal  dLGN 
(P2,  LGN  Idc)  only  after  prolonged  exposures.  Bad  levels  were 
increased  in  the  ipsilateral  dLGN  soluble  compartment  as  early  as  1  day 
post-lesion  (LGN  Idi).  A  corresponding  increase  in  Bad  was  observed  in 
the  ipsilateral  dLGN  mitochondrial  P2  compartment  at  1  day  post-lesion 
(LGN  Idi).  (d)  Representative  ipsilateral  (i)  and  contralateral  (c)  dLGN 
immunoblots  for  mitochondrial  Bax,  soluble  Bad  and  nuclear  cleaved 
caspase-3  at  1, 4,  5  and  6  days  (d)  after  occipital  cortex  ablation.  Each 
lane  contains  protein  extracts  from  dLGN  samples  pooled  from  12-15 
different  rats/time  point.  The  synaptic  protein  synapse-associated  pro¬ 
tein  (SNAP)-25  was  used  as  a  normalization  control  for  S2  and  P2  blots. 
See  Figs  3  and  4  for  densitometric  quantification  of  immunoblots. 


Bad  levels  were  changed  throughout  the  entire  post-lesion 
time  course  (Figs  2d  and  3c).  Bad  was  detected  as  a 
prominent  band  of  IR  at  ~23  kDa.  Cell  lysates  from  A431 
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Fig.  3  Densitometric  quantification  of  protein  immunoreactivity  (IR) 
levels  for  (a)  Bax,  (b)  Bak  and  (c)  Bad  in  soluble  (S2)  and  mitochon- 
dria-enriched  (P2)  protein  fractions  as  determined  by  immunoblotting. 
The  values  (mean  ±  SD)  are  represented  as  percentage  of  contra¬ 
lateral  (contra)  non-lesioned  dorsal  lateral  geniculate  nucleus  (dLGN). 
Each  bar  represents  data  from  three  different  groups  of  rat  dLGN 
samples  (4-6  rats/group)  that  were  microdissected  (see  Fig.  la)  at 
each  time  point  after  occipital  cortex  ablation  and  were  pooled  for 
fractionation.  The  total  number  of  rats  represented  in  each  bar  is  12- 
15.  The  results  are  derived  from  three  to  four  different  immunoblotting 
experiments  with  each  of  the  three  different  groups  of  dLGN  samples/ 
time  point.  Significance  differences  from  control  dLGN  are  denoted  by 
*p  <  0.05  or  **p  <  0.01 . 


cells  (human  epidermoid  carcinoma  cell  line)  were  used  to 
detect  an  immunoreactive  band  of  similar  molecular  weight 
(data  not  shown).  Bad  IR  was  increased  significantly  in  both 
the  soluble  and  membrane  fractions  of  ipsilateral  dLGN  at  1 
and  4  days  post-lesion.  At  5  day  post-lesion.  Bad  in  the 
soluble  compartment  was  lower  than  control,  while  Bad  in 
the  mitochondrial  compartment  was  significantly  higher  than 
control  (Fig.  2c).  At  6  days  post-lesion,  Bad  in  the  mitoch¬ 
ondrial  compartment  remained  significantly  higher  than 
control,  but  Bad  in  the  soluble  compartment  was  not 
different  from  control  (Fig.  2c). 


Caspase-3  is  activated  in  the  dorsal  lateral  geniculate 
nucleus  after  occipital  cortex  ablation 
The  protein  levels  of  pro-caspase-3  and  cleaved  caspase-3 
subunits  were  measured  in  soluble  and  nuclear  fractions  of 
dLGN  after  target  deprivation  (Fig.  4).  Pro-caspase-3  was 
detected  as  a  prominent  band  of  IR  at  ~32  kDa.  The  cleaved 
subunits  were  detected  at  ~1 1  and  ^17-20  kDa.  At  1  day 
post-lesion,  the  levels  of  pro-caspase-3  and  cleaved  caspase-3 
in  soluble  protein  fractions  of  ipsilateral  and  contralateral 
dLGN  were  similar  (Figs  4a  and  b).  At  4  days,  the  level  of 
pro-caspase-3  in  the  ipsilateral  dLGN  was  not  significantly 
different  from  the  contralateral  dLGN  but  cleaved  caspase-3 
was  elevated  significantly  in  the  ipsilateral  dLGN  soluble 
compartment  (Figs  4a  and  b).  A  further  increase  in  cleaved 
caspase-3  subunits  was  observed  at  5  days  in  the  soluble 
compartment,  while  pro-caspase-3  levels  decreased  (Figs  4a 
and  b).  At  6  days  post-lesion,  cleaved  caspase-3  levels  in 
die  ipsilateral  dLGN  remained  higher  than  in  contralateral 
dLGN,  but  pro-caspase-3  levels  were  not  significantly 
different  from  control  (Figs  4a  and  b).  Cleaved  caspase-3 
was  also  detected  in  the  dLGN  nuclear  compartment, 
consistent  with  in  vitro  studies  of  cortical  neurons  (Lesuisse 
and  Martin  2002).  Cleaved  caspase-3  levels  were  elevated 
significantly  in  the  ipsilateral  dLGN  nuclear  compartment  at 
4,  5  and  6  days  post-lesion,  with  highest  levels  at  6  days 
(Figs  2d  and  4c). 

The  biochemical  activity  of  caspase-3  was  measured  in 
soluble  and  nuclear  protein  fractions  of  dLGN  after  target 
deprivation  (Fig.  5).  Caspase-3  enzyme  activity  was 
increased  significantly  in  soluble  fractions  in  the  ipsilateral 
dLGN  at  1  day  (Fig.  5a).  Activity  was  blocked  completely  in 
the  presence  of  10  pM  caspase-3  inhibitor  Ac-DEVD-CHO 
(data  not  shown).  Caspase-3  activities  in  soluble  fractions  of 
the  ipsilateral  and  contralateral  dLGN  were  similar  at  4  days 
(Fig.  5a).  At  5  days  post-lesion,  caspase-3  activity  was  lower 
in  the  ipsilateral  dLGN  compared  with  the  contralateral 
dLGN  which  showed  significantly  higher  levels  of  activity 
compared  with  the  contralateral  dLGN  at  earlier  time  points. 
Caspase-3  activities  in  the  ipsilateral  and  contralateral  dLGN 
were  at  baseline  levels  in  the  soluble  fraction  at  6  days 
(Fig.  5a).  Caspase-3  activities  in  ipsilateral  dLGN  nuclear 
fractions  at  4  and  5  days  post-lesion  were  increased  signi¬ 
ficantly  compared  with  control  but  were  unchanged  at  other 
time  points  (Fig.  5b). 

Phosphorylated  p53  accumulates  in  the  nucleus  during 
dorsal  lateral  geniculate  nucleus  neuron  apoptosis 
Phospho-p53Ser15  levels  were  dramatically  elevated  in  nuclear 
fractions  of  the  ipsilateral  LGN  at  4  days  post-lesion  (Fig.  6). 
The  increase  remained  present  at  5  days  post-lesion  (Fig.  6). 
At  6  days  post-lesion  ipsilateral  levels  were  not  different  from 
contralateral  levels  (Fig.  6).  The  phosphorylation  of  p53  at  the 
Seri  5  site  was  specific  for  the  nucleus  because  phospho- 
p53Ser15  was  not  detected  in  the  soluble  fraction. 
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Fig.  4  Densitometric  quantification  of  protein  immunoreactivity  (IR) 
levels  for  (a)  cleaved  caspase-3  and  (b)  pro-caspase-3  in  soluble 
protein  fractions  and  (c)  cleaved  caspase-3  in  nuclear  fractions  as 
determined  by  immunoblotting.  The  values  (mean  ±  SD)  are  repre¬ 
sented  as  percentage  of  contralateral  (contra)  non-lesioned  dorsal 
lateral  geniculate  nucleus  (dLGN).  Each  bar  represents  data  from 
three  different  groups  of  rat  dLGN  samples  (4-6  rats/group)  that  were 
microdissected  (see  Fig.  la)  at  each  time  point  after  occipital  cortex 
ablation  and  were  pooled  for  fractionation.  The  total  number  of  rats 
represented  in  each  bar  is  12-15.  The  results  are  derived  from  three  to 
four  different  immunoblotting  experiments  with  each  of  the  three  dif¬ 
ferent  groups  of  dLGN  samples/time  point.  Significance  differences 
from  control  dLGN  are  denoted  by  *p  <  0.05  or  "p  <  0.01 . 


DNA  damage  accumulates  rapidly  in  dorsal  lateral 
geniculate  nucleus  neurons  after  target  deprivation 
As  p53  was  activated  in  the  dLGN  at  4  days  post-lesion, 
LGN  neurons  were  evaluated  for  DNA  damage  at  early,  pre- 
apoptotic,  post-lesion  time  points  (Figs  7  and  8).  DNA 
damage  was  assessed  with  two  different  markers.  The  OHdG 
IR  was  seen  in  the  nucleus  and  cytoplasm  of  dLGN  neurons 
(Fig.  7).  It  has  been  shown  previously  that  the  intensity  of 
cytoplasmic  and  nuclear  immunolabeling  detected  with 
OHdG  antibodies  can  be  altered,  respectively,  by  RNase 
and  DNase  pre-treatment  and  by  pre-adsorption  of  antibody 
with  8-hydroxyguanosine  and  8-hydroxy-2-deoxyguanosine, 
indicating  hydroxyl  adduct  modified  RNA  and  DNA 


Fig.  5  Measurement  of  caspase-3  enzyme  activity  in  (a)  soluble  and 
(b)  nuclear  protein  fractions  as  determined  by  biochemical  spectro- 
photometric  assay.  The  values  (mean  ±  SD)  are  represented  as  units 
of  enzyme  activity  (determined  by  conversion  of  absorbency  units 
using  a  standard  curve  generated  from  known  caspase-3  units)  in 
contralateral  (contra,  □)  non-lesioned  dorsal  lateral  geniculate  nucleus 
(dLGN)  and  ipsilateral  (ipsi,  ■)  dLGN  at  1 ,  4,  5  and  6  days  after 
occipital  cortex  ablation.  The  total  number  of  rats  represented  in  each 
bar  is  12-15.  Significance  differences  from  time-matched  control 
dLGN  are  denoted  by  *p  <  0.05. 

(Al-Abdulla  and  Martin  1998;  Martin  et  al.  1999).  Both 
the  overall  intensity  of  staining  in  labeled  neurons  and  the 
number  of  immunopositive  neurons  changed  in  the  dLGN 
after  target  deprivation.  The  number  of  neurons  with  nuclear 
OHdG  IR  was  increased  in  the  ipsilateral  LGN  at  1-5  days 
post-lesion  (Figs  7a  and  b  and  8a).  The  increase  was 
progressive  between  1  and  3  days,  peaking  at  3  days,  and 
then  the  number  of  immunopositive  neurons  declined. 
Immunostaining  for  ssDNA  was  found  primarily  in  the 
nucleus,  with  much  fainter  cytoplasmic  labeling  (Figs  7c  and 
d).  The  number  of  neurons  with  ssDNA  was  also  increased  in 
the  ipsilateral  LGN  (Figs  7c  and  d  and  8b).  Hie  ssDNA- 
positive  neurons  were  higher  than  control  at  1-4  days  post¬ 
lesion.  A  maximal  level  was  found  at  4  days  post-lesion 
(Fig.  8b),  corresponding  to  the  spike  in  p53  phosphorylation 
(Fig.  6).  The  accumulation  of  ssDNA  was  transient  because, 
at  5  days  post-lesion,  the  number  of  ssDNA-positive  neurons 
was  not  different  from  control  (Fig.  8b). 

Transgenic  antioxidant  therapy  protects  dorsal  lateral 
geniculate  nucleus  neurons  after  target  deprivation 
Transgenic  and  pharmacological  antioxidant  therapies  were 
used  to  study  whether  oxidative  stress  participates  in  the 
mechanisms  of  LGN  neuron  apoptosis  in  the  adult  brain. 
Transgenic  mice  overexpressing  normal  human  SOD1 
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Fig.  6  Measurement  of  phosphoSer15-p53  immunoreactivity  (IR)  in 
dorsal  lateral  geniculate  nucleus  (dLGN)  nuclear  fractions.  The  dLGN 
tissues  were  fractionated  into  nuclel-enriched  fractions  and  were 
subjected  to  sodium  dodecyl  sulfate-polyacrylamide  gel  electrophor¬ 
esis  (20  pg  total  protein  loaded  in  each  lane),  transferred  to  nitro¬ 
cellulose  membranes  and  immunoblotted  with  antibody  to 
phosphoSer15-p53  (Cell  Signaling  Technology,  Beverly,  MA,  USA). 
An  Immunoblot  of  ipsilateral  (I)  and  contralateral  (c)  dLGN  nuclear 
protein  at  1,  4,  5  and  6  days  post-lesion  is  shown.  The  quantitative 
densitometric  measurements  of  several  different  blots  are  shown  in 
the  histogram.  The  values  (mean  ±  SD)  are  represented  as  average- 
integrated  optical  density  units  in  the  contralateral  (contra,  □)  non- 
lesloned  dLGN  and  the  ipsilateral  (ipsi,  ■)  target  deprived  dLGN.  Each 
bar  represents  data  from  three  different  groups  of  rat  dLGN  samples 
(4-6  rats/group)  that  were  microdissected  at  each  time  point  after 
occipital  cortex  ablation  and  were  pooled  for  fractionation.  The  total 
number  of  rats  represented  in  each  bar  is  12-15.  The  results  are 
derived  from  four  different  immunoblotting  experiments  with  each  of 
the  three  different  groups  of  dLGN  samples/time  point.  Significance 
differences  from  control  dLGN  are  denoted  by  *p  <  0.001. 


showed  a  significant  attenuation  in  the  neuronal  loss  at 
7  days  post-lesion  compared  with  wild-type  mice  (Fig.  9a). 
In  contrast,  neither  trolox  (Fig.  9b)  nor  ascorbate  (Fig.  9c) 
showed  any  efficacy  in  preventing  neuronal  loss  in  the  dLGN 
after  target  deprivation. 

Discussion 

Occipital  cortex  ablation  results  in  degeneration  of  genicu- 
locortical  projection  neurons  within  the  dLGN  by  apoptosis 
(Al- Abdulla  et  al.  1998;  Martin  et  al.  2001;  Natale  et  al. 
2002).  This  system  is  an  excellent  model  to  study  induced 
neuronal  apoptosis  in  the  adult  and  newborn  CNS.  The 
structural  emergence  of  this  apoptosis  and  its  time  course  are 
very  synchronous  and  the  process  is  accelerated  in  the 
immature  brain.  In  the  adult  brain  the  cell  death  process  is 
nearly  complete  by  14  days  post-lesion,  with  the  bulk  of  the 
geniculocortical  neuronal  apoptosis  occurring  during  the  first 
7  days  post-lesion.  In  the  newborn  brain  the  apoptotic 
process  takes  2  days.  Structurally,  this  neuronal  cell  death  is 
characterized  by  progressive  cytoplasmic  and  nuclear 


condensation  that  is  typical  of  unequivocal  apoptosis 
(Al- Abdulla  and  Martin  1998;  Al-Abdulla  et  al.  1998; 
Martin  et  al.  1998;  Natale  et  al.  2002).  The  dependence  of 
this  cell  death  on  Bax  and  its  regulation  by  p53  support  the 
conclusion  that  this  geniculocortical  projection  neuron  death 
is  a  form  of  apoptosis  (Martin  et  al.  2001).  However,  the 
precise  mechanisms  of  this  neuron-specific  apoptosis  need  to 
be  further  understood. 

We  first  needed  to  overcome  some  technical  hurdles 
inherent  to  in  vivo  models  of  neurodegeneration  that  could 
confound  interpretation  of  the  results,  namely  those  related  to 
tissue  sampling  and  processing.  The  occipital  cortex  ablation 
lesion  induces  apoptosis  of  neurons  within  only  a  relatively 
small  area  of  brain.  Therefore,  LGN  samples  were  specific¬ 
ally  microdissected  to  avoid  regional  contamination.  Our 
precision  was  better  than  originally  anticipated  because  the 
microdissection  was  selective  for  subdivisions  of  the  LGN, 
specifically  the  dLGN.  This  anatomical  precision  is  import¬ 
ant  because  the  neuronal  apoptosis  occurs  in  the  dLGN  rather 
than  in  the  ventral  LGN  that  does  not  have  major  efferents  to 
cortex  (Sefton  and  Dreher  1985).  However,  non-neuronal  cell 
contamination  is  still  present  in  the  dLGN  samples,  but  we 
have  not  observed  apoptosis  of  glial  cells  or  blood-derived 
cells  in  this  model  in  adult  animals  (Al-Abdulla  et  al.  1998; 
Martin  et  al.  2001;  Al-Abdulla  and  Martin  2002).  We 
performed  a  subcellular  fractionation  analysis  because  the 
locations  of  these  cell  death  proteins  contribute  to  their 
functional  activity.  Specific  protein  markers  were  used  to 
assess  the  purity  of  the  fractions.  The  mitochondrial  enrich¬ 
ment  of  the  subcellular  fraction  was  shown  by  the  presence 
of  Coxl.  The  soluble  cytosolic  protein  compartment  was 
verified  by  the  presence  of  lactate  dehydrogenase.  The 
nuclear  enrichment  was  demonstrated  by  the  presence  of 
NeuN.  There  was  no  cross-contamination  among  these 
fractions.  However,  the  mitochondria-enriched  fraction  is 
likely  to  contain  endoplasmic  reticulum  and  microsome 
components. 

Cells  within  the  dLGN  expressed  Bax,  Bak,  Bad  and 
caspase-3  at  high  levels.  These  proteins  had  differential 
subcellular  localizations.  Our  results  on  the  subcellular 
distributions  of  Bax,  Bak  and  Bad  in  healthy  adult  rodent 
CNS  tissue  are  consistent  with  in  vitro  studies  of  non¬ 
neuronal  cells  (Wolter  et  al.  1997;  Nechushtan  et  al.  2001). 
Bax  and  Bad  reside  primarily  in  the  cytosol,  whereas  Bak 
resides  primarily  in  mitochondria.  Caspase-3  was  found  in 
the  soluble  protein  compartment,  as  expected,  and  we 
showed  a  novel  localization  of  cleaved  caspase-3  with 
enzymatic  activity  in  the  nuclear  compartment  of  nervous 
tissue. 

We  further  studied  the  molecular  regulation  of  target 
deprivation-induced  neuronal  apoptosis  by  profiling  cell 
death  proteins  during  the  evolution  of  thalamic  neuron 
apoptosis.  Cell  death  effector  proteins  are  known  to  undergo 
changes  in  their  subcellular  distributions  during  apoptosis 
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Fig.  7  Identification  of  DNA  damage  in  dorsal  lateral  geniculate  nuc¬ 
leus  (dLGN)  neurons  after  occipital  cortex  ablation.  Brain  sections 
were  reacted  with  monoclonal  antibodies  to  (a  and  b)  8-hydroxy- 
2-deoxyguanosine  (OHdG)  and  (c  and  d)  single-stranded  DNA  (ssDNA) 
with  sites  of  antibody  binding  visualized  by  immunoperoxidase  and 
diaminobenzidine  (brown  reaction  product).  Sections  exposed  to  the 
same  antibody  were  processed  using  identical  conditions  and  were 
counterstained  with  cresyl  violet.  These  examples  are  from  animals  at 
2  days  (OHdG)  or  4  days  (ssDNA)  post-lesion.  The  OHdG  immuno- 
reactivity  (IR)  in  neurons  (arrowheads)  in  the  contralateral  dLGN  (a) 
was  much  lower  compared  with  the  ipsilateral  dLGN  (b).  Subsets  of 
neurons  (see  Fig.  8a  for  quantification)  in  the  ipsilateral  dLGN  had 


intense  cytoplasmic  and  nuclear  OHdG  IR  (b,  arrowheads),  whereas 
neurons  in  the  contralateral  dLGN  had  mostly  faint  cytoplasmic  OHdG 
IR  (a,  arrowheads).  The  ssDNA  IR  in  neurons  (arrowheads)  in  the 
contralateral  dLGN  (c)  was  very  faint  compared  with  the  ipsilateral 
dLGN  (d).  In  ssDNA  preparations,  there  was  some  loss  of  neuropil 
integrity  due  to  the  required  DNA  denaturation  with  heat  and  foima- 
mide.  Subsets  of  neurons  (see  Fig.  8b  for  quantification)  in  the  ipsi¬ 
lateral  dLGN  had  strong  nuclear  ssDNA  IR  (d,  arrowheads)  whereas 
neurons  in  the  contralateral  dLGN  had  barely  detectable  to  no  staining 
(c,  arrowheads).  Scale  bar  (shown  in  d)  =  25  pm  (for  a  and  b)  and 
40  pm  (for  c  and  d). 


leading  to  multimerization,  membrane  integration,  cyto¬ 
chrome  c  release  from  mitochondria  and  caspase  activation 
(Wei  et  al.  2001).  We  found  by  immunoblotting  that  die 
synchronized  apoptosis  of  dLGN  projection  neurons  occurs 
in  association  with  differential  subcellular  changes  in  pro- 
apoptotic  molecules.  Within  1  day  of  target  deprivation,  Bax 
increased  in  the  mitochondria-enriched  fraction  of  dLGN. 
Bak  increased  later.  Few  studies  have  demonstrated  such  a 
rapid  (within  1  day)  redistribution  of  Bax  during  apoptosis  of 
neurons  or  of  cells  in  general.  During  excitotoxic  neuronal 
apoptosis,  Bax  undergoes  a  subcellular  redistribution  within 
2  h  of  glutamate  receptor  activation  (Lok  and  Martin  2002). 
Very  few  studies  have  addressed  the  role  of  Bak  in  neuronal 
apoptosis.  The  increased  expression  of  Bak  during  dLGN 
neuron  apoptosis  in  vivo  is  a  new  finding.  An  in  vitro  study 
of  neonatal  peripheral  nervous  system  neurons  deprived  of 
nerve  growth  factor  failed  to  reveal  a  change  in  Bak  during 
apoptosis  (Putcha  et  al.  2002).  However,  experiments  on 
non-neuronal  cells  suggest  that  Bax  and  Bak  are  essentially 
interchangeable  (Wei  et  al.  2001).  We  found  that  both  Bax 
and  Bak  showed  an  increased  expression  and  subcellular 
redistribution  during  target  deprivation-induced  neuronal 


apoptosis  within  the  CNS  but,  interestingly,  the  timing  of 
the  changes  was  different  for  these  two  pro-apoptotic 
molecules.  Our  results  on  apoptosis  of  CNS  neurons  show 
that  Bax  is  a  rapid-response  protein  whereas  Bak  is  a 
delayed-response  protein.  Our  results  suggest  that  there  may 
be  coordinated  hierarchical  or  independent  functions  for  Bax 
and  Bak  during  neuronal  apoptosis.  The  idea  of  a  coordina¬ 
ted  participation  of  these  two  molecules  is  supported  by  the 
finding  that  Bax  translocates  to  mitochondria  and  then 
coalesces  with  Bak  into  mitochondria-associated  clusters 
during  apoptosis  in  non-neuronal  cells  (Nechushtan  et  al. 
2001).  Bak  may,  therefore,  be  involved  in  reinforcing  the  cell 
death  process  after  Bax  engages  the  process  in  CNS  neurons. 

Neurons  are  dependent  on  target-  or  afferent-derived 
neurotrophic  factors  for  survival.  Withdrawal  of  neutrophins 
results  in  neuronal  apoptosis.  Some  neurotrophins  possess 
antiapoptotic  activity  by  interacting  with  membrane  tyrosine 
kinase  receptors  linked  to  phosphoinositide-3  kinase  (PI-3 
kinase)  (Franke  et  al.  1997).  Activation  of  PI-3  kinase  leads 
to  activation  of  protein  kinase  B  (PKB/Akt)  by  phosphory¬ 
lation.  Active  Akt  phosphorylates  Bad  at  Seri  36  (del  Peso 
et  al.  1997)  causing  phospho-Bad  to  disassociate  from  Bcl-2 
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Fig.  8  Counts  of  the  numbers  of  neurons  with  DNA  damage  in  the 
dorsal  lateral  geniculate  nucleus  (dLGN)  after  occipital  cortex  ablation. 
Immunocytochemistry  was  used  to  detect  (a)  8-hydroxy-2-deoxy- 
guanosine  (OHdG)  and  (b)  single-stranded  DNA  (ssDNA)  lesions  In 
neurons  in  the  ipsilateral  (ipsi,  ■)  and  contralateral  (contra,  □)  dLGN 
at  1,  2,  3,  4  and  5  days  post-lesion  (n  =  4  rats/time  point).  Cells  with 
only  nuclear  immunoreactivity  were  counted.  The  number  is  Immuno- 
positive  neurons/mm2.  The  values  are  mean  ±  SD.  Significance  dif¬ 
ferences  from  control  dLGN  (contra)  are  denoted  by  *p  <  0.05, 
**p  <  0.01  or  ***p  <  0.001. 


or  Bcl-XL  within  mitochondrial  membranes  and  to  trans¬ 
locate  to  the  cytosol  where  it  is  sequestered  by  protein  14-3-3. 
This  process  allows  Bcl-2  and  Bcl-XL  to  exert  their 
antiapoptotic  function(s).  Until  now  we  have  assumed  that 
occipital  cortex  ablation  induces  an  in  vivo  state  of  target 
deprivation  and  neurotrophin  withdrawal  of  dLGN  neurons 
but,  other  than  the  apoptosis  of  these  neurons,  evidence  to 
support  this  assumption  has  not  been  forthcoming.  The 
finding  that  Bad  undergoes  an  early  sustained  increased  in 
the  dLGN,  particularly  in  the  mitochondria-enriched  fraction, 
suggests  that  its  phosphorylation  and  cytosolic  sequestration 
by  14-3-3  are  diminished,  supporting  the  proposition  that  this 
CNS  lesion  is  an  in  vivo  model  of  neurotrophin  withdrawal- 
induced  neuronal  apoptosis. 

Because  we  used  a  homogenate-based  assay  of  dLGN 
tissue,  we  currently  assume  that  the  changes  in  cell  death 
proteins  occur  in  apoptotic  corticopetal  projection  neurons. 
Neurons  are  the  primary  cells  that  undergo  apoptosis  in  this 
model  as  shown  directly  by  electron  microscopy  (EM) 
(Al-Abdulla  and  Martin  1998;  Al-Abdulla  et  al.  1998). 
Although  immunoblot  analysis  of  subcellular  fractions  is 
commonly  used  to  assay  for  translocation  of  proteins,  the 
increase  in  Bax,  Bak  and  Bad  in  mitochondria  of  neurons 
needs  to  be  shown  directly  in  future  studies  by  quantita¬ 
tive  immunogold  EM  (Martin  and  Liu  2002a).  These 
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Fig.  9  Counts  of  the  number  of  neurons  remaining  In  the  dorsal  lateral 
geniculate  nucleus  (dLGN)  at  7  days  after  occipital  cortex  ablation  in 
mice  with  (a)  transgenic  (Tg)  antioxidant  enzyme  therapy  and  in  rats 
with  phamacotreatments  with  (b)  trolox  or  (c)  ascorbate.  The  neuronal 
number  is  represented  as  the  mean  ±  SD  of  the  percentage  of  con¬ 
tralateral  (contra)  control  dLGN  neuron  number  as  determined  using 
stereology.  Tg  mice  overexpressing  normal  human  SOD1  were 
significantly  (*p  <  0.01)  protected  against  the  neuronal  apoptosis 
induced  by  target  deprivation  compared  with  wild-type  control  mice  (a). 
Neither  trolox  [50  mg/kg,  i.p.  (b)]  nor  ascorbate  [50  mg/kg,  i.p.  (c)]  for 
7  days  after  the  lesion  protected  against  the  neuronal  apoptosis 
compared  with  their  respective  vehicle  controls. 


immunolocalization  experiments  will  require  the  identifica¬ 
tion  of  monospecific  antibodies  that  can  be  used  appropri¬ 
ately  for  immunocytochemistry. 

Our  results  on  caspase-3  demonstrate  that  neuronal 
apoptosis  in  this  adult  in  vivo  CNS  model  is  associated  with 
caspase-3  pro-enzyme  cleavage  and  increased  caspase-3 
enzyme  activity.  Cleaved  caspase-3  accumulates  in  different 
types  of  neurons  destined  to  undergo  apoptosis  in  several 
model  systems,  including  dLGN  neurons  after  target  depri¬ 
vation  in  immature  mouse  brain  (Natale  et  al.  2002), 
excitotoxically  injured  striatal  neurons  in  immature  rat  brain 
(Lok  and  Martin  2002)  and  cortical  neurons  with  DNA 
damage  in  vitro  (Lesuisse  and  Martin  2002).  These  results 
indirectly  support  the  conclusion  that  dLGN  neuron  apop¬ 
tosis  induced  by  target  deprivation  is  caspase  dependent. 
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This  interpretation  is  not  novel  or  surprising  when 
considering  that  activation  of  caspase-3  is  a  major  down¬ 
stream  event  in  several  forms  of  apoptosis  (Kuida  et  al. 
1996).  Work  on  neuronal  apoptosis  in  another  adult  in  vivo 
CNS  model  (e.g.  retinal  ganglion  cell  axotomy)  has  revealed 
caspase  dependence  by  pharmacological  inhibition  of 
caspase-3  (Kermer  et  al.  1998).  Nevertheless,  we  provide 
some  new  information  on  an  unsuspected  early  phase 
caspase-3  activation  and  a  later  phase  nuclear  translocation 
of  biochemically  active  caspase-3.  Moreover,  the  presence  of 
cleaved  caspase-3  may  not  be  equivalent  to  the  presence  of 
biochemically  active  caspase-3.  It  is  interesting  that  the 
increased  activity  seen  at  1  day  post-lesion  in  the  soluble 
fraction  did  not  appear  to  require  additional  formation  of 
cleaved  subunits.  In  addition,  the  massive  increase  in  cleaved 
caspase-3  in  nuclear  fractions  at  6  days  post-lesion  did  not 
have  a  corresponding  increase  in  activity.  Our  previous 
in  vitro  data  suggest  that  apoptosis  of  cortical  neurons  can 
involve  caspase-3  changes  without  additional  cleavage  after 
an  apoptotic  stimulus  (Lesuisse  and  Martin  2002).  It  is 
possible  that  the  early  events  of  apoptosis  of  mature  neurons 
can  be  engaged  without  the  formation  of  additional  caspase-3 
subunits  via  proteolysis  of  pro-enzyme  and  that  pre-existing 
low  levels  of  cleaved  caspase-3  can  play  a  role,  along  with 
other  proteins  such  as  Bax,  in  initiating  the  death  process. 
Many  proteins  appear  to  interact  with  cleaved  caspase-3,  as 
shown  by  cross-linking  experiments,  and  constitutively 
cleaved  caspase-3  might  be  regulated  by  interacting  proteins 
(Lesuisse  and  Martin  2002).  In  healthy  normal  cells,  cleaved 
caspase-3  might  interact  with  possible  endogenous  inhibitor 
proteins  or  the  subunits  may  be  folded  or  assembled  as 
inactive  enzyme.  In  this  state,  constitutive  cleaved  caspase-3 
would  be  inactive  enzymatically  and  could  not  execute  the 
apoptotic  process.  Thus,  a  rapid  increase  in  caspase-3  activity 
in  mature  neurons  might  occur  by  mechanisms  other  than 
proteolytic  cleavage  of  pro-enzyme,  while  later  events  in  the 
apoptotic  process,  possibly  occurring  in  the  nucleus  such  as 
activation  of  DNA  fragmentation  pathways,  appear  to  require 
recruitment  of  additional  subunits  by  proteolysis.  However, 
at  near  endstage  apoptosis  cleaved  caspase-3  appears  to  loose 
its  biochemical  activity  as  suggested  by  our  results  at  6  days. 
This  result  is  consistent  with  the  accumulation  of  cleaved 
caspase-3  in  cellular  fragments  and  apoptotic  debris  of 
cortical  neurons  in  vitro  (Lesuisse  and  Martin  2002)  as  well 
as  striatal  neurons  (Lok  and  Martin  2002)  and  dLGN  neurons 
(Natale  et  al.  2002)  in  vivo.  Cleaved  caspase-3  has  been 
found  in  the  nucleus  of  non-neuronal  cells  (Jurkat  cells) 
undergoing  apoptosis  (Zhivotovsky  et  al.  1999).  The  func¬ 
tions  of  caspase-3  in  nervous  tissue  may  be  even  more 
complicated  than  previously  realized,  as  suggested  by  the 
transient  increase  in  caspase-3  activity  in  the  non-lesioned 
dLGN  at  5  days  post-lesion,  where  no  loss  of  neurons  occurs 
but  astroglial  activation  and  induction  of  p53  in  astrocytes 
has  been  observed  (Martin  et  al.  2001).  By  immunoelectron 


microscopy  we  have  found  cleaved  caspase-3  at  synaptic 
sites  in  the  adult  brain  (unpublished  observations).  In  this 
regard,  caspase-3  may  function  in  synaptic  plasticity  and 
regeneration  rather  than  cell  death. 

DNA  damage  may  be  an  upstream  trigger  for  dLGN 
neuron  degeneration.  We  show  that  dLGN  neurons  acquire 
two  forms  of  DNA  damage  at  early  pre-apoptotic  stages. 
This  genotoxicity  was  observed  as  OHdG-DNA  lesions  and 
ssDNA  lesions.  These  lesions  may  be  caused  by  oxidative 
stress.  Several  reactive  oxygen  species  (ROS),  including 
H2O2,  hydroxyl  radical  and  ONOO',  induce  DNA  damage 
(Aust  and  Eveleigh  1999).  ONOO'  is  the  product  of  the 
reaction  between  nitric  oxide  and  superoxide  anion  (Beck¬ 
man  1990)  which,  by  themselves,  are  not  aggressively  toxic 
to  DNA.  We  have  found  that  the  neuronal  genome  is 
particularly  sensitive  to  ONOO',  with  this  ROS  inducing 
abasic  sites,  single-  and  double-strand  breaks  (Martin  and  Liu 
2002b).  ONOO'  can  also  cause  OHdG  lesions  through  the 
formation  of  hydroxyl  radical-like  intermediates  (Coddington 
et  al.  1998).  It  is  not  yet  clear  if  OHdG-DNA  lesions  and 
ssDNA  lesions  in  dLGN  neurons  are  related,  because  OH- 
DNA  adducts  can  lead  to  abasic  sites  that  are  converted 
subsequently  to  DNA  single-strand  breaks  (Kohn  1991). 

We  evaluated  whether  oxidative  stress  participates  in  the 
mechanisms  of  dLGN  neuron  apoptosis  by  determining  if 
antioxidant  strategies  are  neuroprotective  in  our  model. 
Transgenic  overexpression  of  SOD1  provided  significant 
protection  against  the  apoptosis;  however,  treatment  with 
trolox  and  ascorbate  were  ineffective.  The  SOD1  overex¬ 
pression  can  also  block  apoptosis  of  sympathetic  ganglion 
neurons  induced  by  nerve  growth  factor  withdrawal  in  vitro 
(Greenlund  et  al.  1995).  The  only  known  function  of  SOD1 
is  catalyzing  the  dismutation  of  superoxide  anion  into  O2  and 
H202  (McCord  and  Fridovich  1969).  Our  results  directly 
implicate  superoxide,  or  its  derivative  ONOO',  in  the  trigger 
for  neuronal  apoptosis  in  vivo.  We  do  not  yet  know  whether 
the  protection  afforded  by  enforced  SOD1  expression  is  due 
to  increased  SOD1  after  target  deprivation/axotomy  or  if  the 
neurons  in  these  animals  are  intrinsically  more  resistant  to 
injury  due  to  brain  changes  that  have  occurred  during  their 
lifetime.  We  hypothesize  that  the  mechanism  of  SOD1 
neuroprotection  in  dLGN  neurons  is  through  potentiated 
SOD1  induction  early  after  the  injury  and  attenuation  of 
DNA  strand  breakage  and  p53  activation.  Previous  work  on 
the  benefits  of  antioxidant  pharmacotherapy  in  protecting 
against  target  deprivation/axotomy-induced  neuronal  apop¬ 
tosis  is  scant  and  existing  studies  have  employed  entirely 
different  model  systems  from  that  used  here.  In  an  adult  rat 
model  of  retinal  ganglion  cell  death  induced  by  optic  nerve 
transection,  systemic  treatment  with  the  unspecific  free 
radical  scavenger  A-terf-butyl-(2-sulfophenyl)-nitrone  did 
not  protect  the  neurons  (Klocker  et  al.  1998).  However, 
Ar-tert-butyl-(2-sulfophenyl)-nitrone  was  neuroprotective  in 
an  embryonic  chick  model  of  retinal  ganglion  cell  axotomy 
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when  the  drug  was  delivered  by  intraocular  injection 
(Castagne  et  al.  1999).  A  problem  with  our  study  and  other 
studies  in  rat  using  systemic  treatment  is  the  uncertainty 
regarding  the  bioavailability  of  the  antioxidant  drug  to  the 
damaged  neurons.  It  is  possible  that  the  lack  of  effects  with 
trolox  and  ascrobate  is  due  to  inadequate  blood-brain  barrier 
penetration  and  insufficient  brain  concentrations,  but  previ¬ 
ous  studies  using  other  brain  damage  models  have  shown 
neuroprotective  actions  at  concentrations  lower  than  used 
here  (Usuki  et  al.  2001).  As  revealed  by  a  study  on 
axotomized  ganglion  cells  in  chick  embryos  (Castagnd  et  al. 
1999),  there  may  be  an  optimal  dose  range  for  antioxidant 
neuroprotection  in  adult  rat  brain  that  we  missed.  Alternat¬ 
ively,  unlike  enforced  expression  SOD1,  trolox  and  ascorbate 
may  not  have  sufficient  targeting  to  specific  ROS  such  as 
superoxide  or  ONOCT. 

Cells  that  have  sustained  DNA  damage  from  ROS  and 
other  genotoxic  agents  undergo  apoptosis  by  engaging 
molecular  cascades  involving  expression  or  activation  of 
p53,  Bcl-2  family  members  and  caspases  (Polyak  et  al. 
1997).  p53  regulates  target-deprivation-induced  neuronal 
apoptosis  in  the  dLGN  because  p53  7  mice  show  less 
neuronal  loss  than  p53+/+  mice  (Martin  et  al.  2001).  A 
critical  question  that  remains  to  be  elucidated  is  how  DNA 
damage  is  communicated  to  p53  so  that  it  becomes  activated 
and  functional  in  neurons.  Ser392-phosphoryated  p53  accu¬ 
mulates  in  dLGN  neurons  during  their  degeneration  and  this 
p53  has  enhanced  DNA-binding  activity  (Martin  et  al. 
2001).  We  now  show  a  massive  accumulation  of  Serl5- 
phosphorylated  p53  in  the  dLGN  during  apoptosis.  This 
accumulation  was  maximal  at  4  days  after  injury,  at  a  time 
when  ssDNA-positive  neurons  were  most  numerous;  ssDNA 
is  a  potent  activator  of  p53  (Jayaraman  and  Prives  1995). 
Specific  protein  kinases  transduce  the  DNA  damage  signal  to 
p53  by  serine  phosphorylation.  DNA-dependent  protein 
kinase  (DNA-PK)  and  ataxia  telangiectasia  protein,  members 
of  the  PI-3  kinase  family,  phosphoiylate  p53  at  Serl5  and 
Ser20  (Nakagawa  et  al.  1999;  Shangary  et  al.  2000).  Casein 
kinase  II  phosphorylates  p53  at  Ser392  (Milne  et  al.  1992). 
Phosphorylation  regulates  the  interactions  of  p53  monomers. 
p53  can  form  homotetramers  and  must  be  in  tetrameric  form 
for  sequence-specific  DNA  binding  and  transcriptional 
activation  (Kohn  1999).  Tetramerization  is  stimulated  by 
phosphorylation  of  Ser392.  This  phosphorylation  increases 
10-fold  the  association  constant  for  tetramer  formation.  In 
non-neuronal  cells,  DNA-double-strand  breaks  (DSB)  are 
recognized  and  bound  by  the  heterodimeric  regulatory 
subunits  of  DNA-PK  (Ku70/80),  thereby  recruiting  the 
catalytic  DNA-PK  that  phosphorylates  p53.  In  in  vitro 
systems,  DNA-PK-mediated  phosphorylation  of  p53  at  Seri  5 
alleviates  the  inhibition  by  murine  double  minute-2  and 
correlates  with  the  stabilization  of  p53  and  its  activation  as  a 
transcription  factor  (Shieh  et  al.  1997;  Shangary  et  al.  2000). 
Ataxia  telangiectasia  protein  is  required  for  the  phosphory¬ 


lation  of  p53  at  Serl5  and  Ser20.  In  vitro  studies  have  shown 
that  DNA-DSB  result  in  Seri  5  phosphorylation  of  p53  and 
stabilization  through  a  process  mediated  by  ataxia  telangiec¬ 
tasia  protein  (Shangary  et  al.  2000).  The  transcriptional 
activity  of  p53  enhances  the  expression  of  Bax  and  Bak  (Pohl 
et  al.  1999;  Kannan  et  al.  2001).  The  elevated  levels  of  Bak 
in  the  dLGN  at  4  days  and  thereafter  could  be  the  result  of 
p53  activation  and  this  mechanism  could  enforce  the 
apoptotic  process  initially  engaged  by  a  rapid  subcellular 
redistribution  of  Bax. 

This  study  delineates  for  the  first  time  the  activation  of  cell 
death  effector  mechanisms  during  target  deprivation-induced 
neuronal  death  in  adult  brain  that  is  structurally  verified  as 
primarily  apoptosis.  Pro-apoptotic  proteins  undergo  early  and 
delayed  changes  in  their  subcellular  distributions  during  the 
progression  of  neuronal  apoptosis  in  adult  rat  brain.  The 
initiation  of  this  death  cascade  appears  to  occur  relatively  fast, 
within  I  day  of  target  deprivation.  This  neuronal  apoptosis 
appears  to  be  mediated  by  overlapping  and  sequential 
signaling  pathways  with  DNA  damage  generated  by  super¬ 
oxide  derivatives  as  an  upstream  mechanism  for  p53-regula- 
ted,  Bax-dependent  apoptosis  of  target-deprived  neurons. 
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ABSTRACT:  The  mechanisms  of  injury-induced  ap¬ 
optosis  of  neurons  within  the  spinal  cord  are  not  under¬ 
stood.  We  used  a  model  of  peripheral  nerve-spinal  cord 
ii\jury  in  the  rat  and  mouse  to  induce  motor  neuron  de¬ 
generation.  In  this  animal  model,  unilateral  avulsion  of  the 
sciatic  nerve  causes  apoptosis  of  motor  neurons.  We  tested 
the  hypothesis  that  p53  and  Bax  regulate  this  neuronal 
apoptosis,  and  that  DNA  damage  is  an  early  upstream 
signal.  Adult  mice  and  rats  received  unilateral  avulsions 
causing  lumbar  motor  neurons  to  achieve  endstage  apo¬ 
ptosis  at  7-14  days  postlesion.  This  motor  neuron  apoptosis 
is  blocked  in  bax~'~  and  p53~/~  mice.  Single-cell  gel  elec¬ 
trophoresis  (comet  assay),  immunocytochemistry,  and 
quantitative  immunogold  electron  microscopy  were  used 
to  measure  molecular  changes  in  motor  neurons  during 
the  progression  of  apoptosis.  Injured  motor  neurons  ac¬ 
cumulate  single-strand  breaks  in  DNA  by  5  days.  p53 


accumulates  in  nuclei  of  motor  neurons  destined  to  un¬ 
dergo  apoptosis.  p53  is  functionally  activated  by  4-5  days 
postlesion,  as  revealed  by  immunodetection  of  phosphory- 
lated  p53.  Preapoptotically,  Bax  translocates  to  mitochon¬ 
dria,  cytochrome  c  accumulates  in  the  cytoplasm,  and 
caspase-3  is  activated.  These  results  demonstrate  that  mo¬ 
tor  neuron  apoptosis  in  the  adult  spinal  cord  is  controlled 
by  upstream  mechanisms  involving  DNA  damage  and  ac¬ 
tivation  of  p53  and  downstream  mechanisms  involving 
upregulated  Bax  and  cytochrome  c  and  their  translocation, 
accumulation  of  mitochondria,  and  activation  of  caspase-3. 
We  conclude  that  adult  motor  neuron  death  after  nerve 
avulsion  is  DNA  damage-induced,  p53-  and  Bax-dependent 
apoptosis.  ©  2002  John  Wiley  &  Sons,  Inc.  J  Neurobiol  50:  181-197, 
2002;  DOI  I0.1002/neu,10026 

Keywords:  amyotrophic  lateral  sclerosis;  bax~/_  mice; 
DNA  damage;  mice;  spinal  cord  trauma 


INTRODUCTION 

Apoptosis  is  an  organized  form  of  cell  death  that  is 
mediated  by  active,  intrinsic  mechanisms  (Yuan  and 
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Yankner,  2000).  Apoptosis  in  the  nervous  system  is 
important  for  a  variety  of  reasons.  Apoptosis  of  neu¬ 
rons  and  non-neuronal  cells  occurs  normally  in  the 
developing  nervous  system  (Gliicksmann,  1951;  Op- 
penheim,  1991),  and  defects  in  apoptosis  can  cause 
cerebral  malformations  during  embryogenesis  (Kuida 
et  al.,  1996;  Hakem  et  al.,  1998).  Apoptosis  might 
also  participate  in  the  pathogenesis  of  abnormal  neu¬ 
ronal  death  in  chronic  and  acute  neuropathological 
disorders  (Martin  et  al.,  1998;  Yuan  and  Yankner, 
2000;  Martin,  2001).  For  example,  the  genes  for  neu¬ 
ronal  apoptosis  inhibitory  protein  and  survival  motor 
neuron  protein  are  mutant  in  some  children  with  pe¬ 
diatric  forms  of  motor  neuron  disease  such  as  spinal 
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muscular  atrophy  (Roy  et  al.,  1995;  Lefcbvre  et  al., 
1995).  The  neuronal  degeneration  in  adult  types  of 
motor  neuron  disease  such  as  amyotrophic  lateral 
sclerosis  (ALS)  is  apoptosis  (Martin  et  al.,  2000; 
Martin,  2001 ).  Apoptosis  of  neurons  and  nonneuronal 
cells  contributes  to  the  neuropathology  in  animal 
models  of  spinal  cord  trauma  (Liu  et  al.,  1997).  There¬ 
fore,  understanding  the  molecular  regulation  of  apo¬ 
ptosis  is  highly  relevant  to  human  spinal  cord  disor¬ 
ders  as  well  as  other  neurodegenerative  disorders  of 
the  human  central  nervous  system  (CNS). 

Motor  neurons  in  individuals  with  ALS  sustain 
DNA  damage  (Martin,  2001),  and  the  oncosuppressor 
protein  p53  may  participate  in  the  mechanisms  of 
motor  neuron  apoptosis  in  ALS  (Martin,  2000).  This 
DNA  binding  protein  functions  in  genome  surveil¬ 
lance,  DNA  repair,  and  as  a  transcription  factor.  p53 
commits  to  death  cells  that  have  sustained  DNA  dam¬ 
age  from  reactive  oxygen  species  and  other  genotoxic 
stresses.  The  mechanisms  by  which  p53  induces  ap¬ 
optosis  are  largely  unknown.  p53  is  a  direct  transcrip¬ 
tional  activator  of  the  bax  gene  (Miyashita  and  Reed, 
1995)  and  a  transcriptional  repressor  of  the  bcl-2  gene 
(Miyashita  et  al.,  1994);  thus,  apoptosis  is  thought  to 
be  executed  by  molecular  cascades  involving  expres¬ 
sion  or  activation  of  p53,  Bax,  and  caspases  (Polyak  et 
al.,  1997). 

The  understanding  of  the  mechanisms  of  apoptosis 
in  nervous  system  cells  is  much  less  advanced  com¬ 
pared  to  cells  of  non-nervous  tissue  origin.  Studies 
have  shown  recently  that  Bax  is  critical  for  apoptosis 
of  neurons  in  cell  culture  (Deckwerth  et  al.,  1996; 
Cregan  et  al.,  1999;  Putcha  et  al.,  1999),  and  is  re¬ 
quired  for  neuronal  apoptosis  during  development 
(Deckwerth  et  al.,  1996).  However,  the  mechanisms 
of  injury-induced  neuronal  apoptosis  within  the  CNS 
are  much  less  understood  compared  to  cell  culture  and 
developmental  paradigms.  We  used  an  injury  model 
of  neuronal  apoptosis  within  the  rodent  spinal  cord  to 
identify  the  in  vivo  mechanisms  of  motor  neuron 
apoptosis.  In  this  model,  we  have  found  that  sciatic 
nerve  avulsion  reliably  induces  apoptosis  of  motor 
neurons  (Martin  et  al.,  1999;  Liu  and  Martin,  2001a), 
although  the  involvement  of  apoptosis  in  the  death  of 
adult  spinal  motor  neurons  is  still  controversial  (Li  et 
al.,  1998;  Chan  et  al.,  2001).  The  evolution  of  apo¬ 
ptosis  in  these  neurons  is  associated  with  oxidative 
stress  and  the  accumulation  of  nuclear  DNA  damage 
in  the  form  of  hydroxyl  radical  damage  (Martin  et  al., 
1999)  and  single-strand  breaks  (Liu  and  Martin, 
2001a).  We  used  this  model  to  test  the  hypothesis  that 
injury-induced  apoptosis  of  motor  neurons  in  the  adult 
spinal  cord  is  controlled  by  p53,  Bax,  and  caspase-3. 


MATERIALS  AND  METHODS 
Animals 

Adult  male  rats  and  gene-deficient  and  wild-type  mice  were 
used  for  these  experiments.  Sprague-Dawley  rats  (Charles 
River,  Wilmington,  MA)  weighed  —150-200  g.  Mice 
(Jackson  Labs)  were  deficient  in  the  bax  gene  ( bax~'~ ,  n 
=  16)  or  the  p53  gene  (j t53~/~,  n  =  18),  and  were  6-8 
weeks  of  age  when  used.  Bax-deficient  mice  were  the 
C57BL/6-Bax"nlsjk  congenic  strain.  p53-deficient  mice 
were  the  l29/Sv-Trp53'mlTyi  strain.  C57BL/6  mice  ( n  =  20) 
served  as  wild-type  controls  for  bax-null  mice,  and  129/Sv 
mice  (n  =  18)  served  as  wild-type  controls  for  p53-null 
mice.  The  animals  were  housed  in  a  colony  room  with  a 
12  h:  1 2  h  lighedark  cycle  and  ad  libitum  access  to  food  and 
water.  The  Animal  Care  and  Use  Committee  of  the  Johns 
Hopkins  University  School  of  Medicine  approved  the  ani¬ 
mal  protocol. 

In  Vivo  Model  of  Motor  Neuron 
Apoptosis 

The  unilateral  sciatic  nerve  avulsion  model  was  used  as  an 
in  vivo  model  for  apoptosis  of  spinal  motor  neurons  (Martin 
et  al.,  1999;  Liu  and  Martin  2001a).  Mice  and  rats  were 
deeply  anesthetized  with  enflurane/oxygen/nitrous  oxide  (1: 
33:66).  A  midline  incision  was  made  in  the  lateral  aspect  of 
the  left  pelvis  and  upper  hindlimb.  The  sciatic  nerve  was 
located  by  blunt  retraction  of  the  biceps  femoris  and  gluteus 
muscles,  and  was  tracked  proximally  to  an  extravertebral 
location  deep  within  the  pelvis.  A  steady,  moderate  traction 
was  applied  to  the  sciatic  nerve  with  forceps  until  the  nerve 
separated  from  the  spinal  cord,  resulting  in  a  mixed  motor- 
sensory  root  avulsion.  Muscle  retraction  was  released  and 
the  overlying  skin  was  sutured.  Postlesion  survival  times 
following  sciatic  nerve  avulsion  were  1,  2,  3,  4,  5,  7,  9,  10, 
12,  14,  21,  and  28  days  (n  =  6-8  rats  per  time  point)  or  3, 
4,  5,  7,  14,  21,  and  70  days  (n  =  10-16  mice  per  time 
point). 

Quantification  of  Motor  Neurons 

Bax -deficient  mice  and  wild-type  C57BL/6  mice  were  sac¬ 
rificed  at  21  days  after  lesioning,  and  p53-deficient  mice  and 
wild-type  129/Sv  mice  were  sacrificed  at  21  and  70  days 
after  lesioning.  Animals  were  anesthetized  with  an  overdose 
of  chloral  hydrate  and  perfused  intracardially  with  ice-cold 
phosphate  buffer-saline  (PBS,  100  m M,  pH  7.4)  followed 
by  ice-cold  4%  paraformaldehyde  in  PBS.  After  perfusion- 
fixation,  spinal  cords  were  allowed  to  remain  in  situ  for  1  h 
before  they  were  removed  from  the  vertebral  column.  After 
the  spinal  cords  were  removed,  lumbar  enlargements  were 
dissected  under  a  surgical  microscope  segment  by  segment 
and  they  were  cryoprotected  in  20%  glycerol-PBS,  and 
frozen  under  pulverized  dry  ice.  Transverse  serial  symmet¬ 
rical  sections  (40  pm)  through  the  lumbar  cord  were  cut 
using  a  sliding  microtome.  Serial  sections  from  each  mouse 
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brain  were  mounted  on  glass  slides  and  stained  with  cresyl 
violet  for  neuronal  counting.  Neuronal  counts  in  the  ipsilat- 
eral  and  contralateral  ventral  horns  were  made  at  1000X 
magnification  using  the  stereological  optical  disector 
method  as  described  (Calhoun  et  al.,  1996;  Al-Abdulla  et 
al.,  1998).  Motor  neurons  without  apoptotic  structural 
changes  (using  strict  morphological  criteria)  were  counted. 
These  criteria  included  a  round,  open,  pale  nucleus  (not 
condensed  and  darkly  stained),  granular  Nissl  staining  of  the 
cytoplasm,  and  a  diameter  of  —30-40  /tun.  With  these 
criteria,  astrocytes,  oligodendrocytes,  and  microglia  were 
excluded  from  the  counts.  Neuronal  counts  were  used  to 
determine  group  means  and  variances,  and  comparisons 
among  groups  were  analyzed  using  a  one-way  analysis  of 
variance  and  a  Student’s  t  test.  The  experiments  were  con¬ 
trolled  at  two  levels.  Bax-deficient  mice  have  more  neurons 
than  wild-type  mice  (Deckwerth  et  al.,  1996);  therefore, 
neuronal  counts  in  the  contralateral  ventral  horn  always 
served  as  controls  for  the  ipsilateral  ventral  horn  in  lesioned 
Bax-  and  p53-null  mice.  In  addition,  neuron  counts  in 
wildtype  mice  served  as  strain  controls. 

Immunolocalization  of  p53,  Bax, 
Cytochrome  c,  and  Active  Caspase-3  in 
Spinal  Motor  Neurons  after  Sciatic 
Nerve  Avulsion 

The  expression  and  localization  patterns  of  p53,  Bax,  cyto¬ 
chrome  c,  and  caspase-3  were  examined  in  spinal  motor 
neurons  during  apoptosis  at  the  light  microscopic  level  in  rat 
and  mouse.  Animals  were  anesthetized  and  perfusion-fixed, 
and  the  spinal  cords  were  prepared  as  described  above.  p53, 
Bax,  and  caspase-3  were  detected  in  rat  and  mouse  spinal 
cord  sections  using  a  standard  immunoperoxidase  method 
with  diaminobenzidine  as  chromogen.  Cytochrome  c  was 
detected  in  rat  spinal  cord  sections  by  immunofluorescence. 

The  antibodies  used  for  immunocytochemistry  have 
been  characterized  previously.  Three  different  commercial 
antibodies  to  p53  were  used.  Two  of  these  antibodies  rec¬ 
ognize  p53  regardless  of  phosphorylation  state  [BMG-1B1, 
1  p,g  IgG/mL  (Roche),  and  Pab240,  1  jxg  IgG/mL  (Santa 
Cruz)].  The  other  p53  antibody  that  we  used  detects  p53 
only  when  it  is  phosphorylated  at  Ser392  (Oncogene),  and 
thus  recognizes  activated  p53  (Levine,  1997).  The  specific¬ 
ities  of  these  p53  antibodies  have  been  evaluated  previously 
(Martin,  2000;  Martin  et  al.,  2001).  These  antibodies  are 
highly  specific  for  detecting  a  major  protein  band  at  —53 
kDa  that  has  the  same  mobility  as  recombinant  p53.  These 
antibodies  supershift  p53  in  DNA  binding  experiments 
(Martin  et  al.,  2001).  Immunostaining  for  Bax  was  detected 
with  two  different  antibodies:  a  rabbit  polyclonal  antibody 
that  recognizes  the  ^-terminal  residues  1-12  of  human  Bax 
(Upstate),  and  a  mouse  monoclonal  antibody  to  Bax 
(Pharmingen).  Caspase-3  was  detected  with  a  rabbit  poly¬ 
clonal  antibody  that  specifically  detects  the  cleaved  (active) 
form  of  caspase-3;  the  specificity  of  this  antibody  has  been 
confirmed  by  immunoblotting  (Northington  et  al.,  2001). 
Cytochrome  c  was  detected  with  a  rabbit  polyclonal  anti¬ 


body  (Santa  Cruz),  which  has  also  been  characterized  by 
immunoblotting  (Martin  et  al.,  2000).  Negative  control  sec¬ 
tions  were  incubated  in  comparable  dilutions  of  immuno¬ 
globulin  G  or  with  primary  or  secondary  antibody  omitted. 
For  Bax  immunostaining,  spinal  cord  sections  from  hax_/_ 
mice  also  served  as  negative  controls. 

Immunogold-EM  for  Bax  and 
Cytochrome  c  Translocation 
in  Motor  Neurons 

We  directly  evaluated  whether  subcellular  translocation  of 
Bax  and  cytochrome  c  occurs  specifically  in  motor  neurons. 
This  analysis  has  not  been  done  before  quantitatively  at  the 
cellular  level  in  situ ,  and  cannot  be  done  by  Western  blot¬ 
ting.  Rats  with  sciatic  nerve  avulsions  were  perfused  with 
4%  paraformaldehyde/0.5%  glutaraldehyde  in  PBS.  Vi- 
bratome  sections  of  L5  spinal  cord  were  processed  using  an 
immunogold-silver  intensification  detection  system  and  a 
flat  sample-epon  embedding  technique  to  determine  the 
subcellular  localization  of  Bax  and  cytochrome  c.  Spinal 
cord  sections  were  preincubated  in  gelatin-BSA  and  then 
incubated  (at  4°C)  for  3  days  with  antibody  to  Bax  or 
cytochrome  c.  After  primary  antibody  incubation,  sections 
were  rinsed  and  incubated  (at  room  temperature)  with  goat 
antirabbit  IgG  conjugated  to  1  nm  colloidal  gold  diluted 
1:50  for  4  h,  followed  by  silver  enhancement  solution  for 
10-20  min  (Amersham  Life  Science,  Arlington  Heights, 
IL).  L5  ventral  horns  of  immunostained  spinal  cord  sections 
were  microdissected  discretely  under  a  microscope.  Ipsilat¬ 
eral  and  contralateral  samples  were  osmicated,  dehydrated 
by  graded  concentrations  of  ethanol,  and  embedded  in  resin. 
Plastic  blocks  containing  L5  motor  neurons  were  serially 
thin  sectioned  using  ultramicrotomes  (Sorvall).  Ultrathin 
sections,  stained  with  lead  citrate  (15  min),  were  viewed  and 
photographed  with  a  JEOL  electron  microscope.  Electron 
micrographs  of  motor  neurons  were  shot  by  an  observer 
unaware  of  sample  history. 

Ipsilateral  and  contralateral  L5  motor  neurons  from  the 
same  sections  were  compared.  Immunogold  labeling  of 
mitochondrial  and  cytosolic  compartments  was  quantified  in 
electron  micrographs  (shot  and  enlarged  at  constant  magni¬ 
fication)  of  contralateral  control  and  ipsilateral  lesioned 
motor  neurons  at  prechromatolytic  and  chromatolytic  stages 
of  apoptosis  (Martin  et  al.,  1999)  using  point-hit  counting 
by  an  observer  unaware  of  sample  history.  A  plastic,  trans¬ 
parent,  orthogonal  grid  (grid  point  area  =  0.01  gmz)  was 
placed  on  each  micrograph,  and  the  number  of  points  that 
fell  on  mitochondria  were  counted  along  with  the  number  of 
immunogold  particles  bound  to  mitochondria  and  “free”  in 
the  cytosol.  The  data  were  analyzed  using  a  one-way  anal¬ 
ysis  of  variance  and  a  Student’s  t  test. 

Comet  Assay 

The  comet  assay  is  a  method  for  identifying  early  damage  to 
genomic  DNA  of  eukaryotic  cells  on  a  single-cell  basis  (see 
Liu  and  Martin,  2001b,  for  historical  citations).  Depending 
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upon  the  pH  conditions',  different  types  of  DNA  lesions  are 
delectable  in  neurons  by  comet  assay,  including  apurinic/ 
apyrimidinic  (AP  or  alkali-labile  sites),  single-strand  breaks 
(SSB),  and  double-strand  breaks  (Liu  and  Martin,  2001b). 
In  this  study,  we  were  interested  in  the  formation  of  SSB. 
These  DNA  lesions  are  a  loss  of  a  purine  or  pyrimidine  base 
and  the  deoxyribose  with  a  cut  in  the  phosphodiester  back¬ 
bone.  We  tested  the  hypothesis  that  DNA-SSB  are  formed 
early  in  the  process  of  motor  neuron  apoptosis  after  sciatic 
nerve  avulsion. 

Because  the  comet  assay  is  a  single-cell  assay,  we  de¬ 
veloped  a  new  method  to  isolate  motor  neurons  for  gel 
electrophoresis  (Liu  and  Martin,  2001b).  This  technique  can 
be  used  to  isolate  a  spinal  cord  ventral  horn  cell  suspension 
with  a  neuronal  composition  that  is  —86%  motor  neurons 
(Liu  and  Martin,  2001a,  2001b).  Spinal  cords  were  isolated 
from  adult  rats  at  5,  7,  10,  14,  and  28  days  after  sciatic  nerve 
avulsions.  The  animals  were  anesthetized  deeply  with  a 
mixture  of  enflurane/oxygen/nitrous  oxide  (1:33:66)  and 
then  decapitated.  The  entire  lumbar  enlargements  (divided 
into  ipsilateral  and  contralateral  sides)  were  used.  After 
removing  the  pia,  lumbar  enlargements  were  dissected  seg- 
mentally  under  a  surgical  microscope,  and  then  the  seg¬ 
ments  were  microdissected  into  gray  matter  columns  of 
ventral  horn  without  appreciable  contamination  of  dorsal 
horn  and  surrounding  white  matter  funiculi.  Gray  matter 
tissue  columns  from  ventral  horns  of  lumbar  enlargements 
were  collected  and  rinsed  in  a  cell  culture  dish  on  ice 
containing  dissection  medium  (1  X  Ca2+  and  Mg2+  free 
Hanks  balanced  salt  solution,  GibcoBRL,  Grand  Island, 
NY,  supplemented  with  glucose  and  sucrose). 

To  identify  DNA  damage  in  motor  neurons  undergoing 
apoptosis  in  vivo,  the  comet  assay  was  used  on  motor 
neuron  cell  suspensions  prepared  from  rats  with  sciatic 
nerve  avulsions.  Motor  neurons  from  ipsilateral  or  contralat¬ 
eral  (control)  ventral  horns  of  lumbar  enlargements  of  ani¬ 
mals  with  unilateral  sciatic  nerve  avulsions  were  subjected 
directly  to  comet  assay  immediately  after  isolation.  All  the 
procedures  for  comet  assay  were  done  under  low  light  to 
minimize  spontaneous  DNA  damage. 

Motor  neurons  were  embedded  into  agarose  gels  for 
electrophoresis.  The  cell  microgels  were  prepared  as  layers. 
The  first  layer  of  gel  was  made  by  applying  200  p.L  of 
regular  melting  point  agarose  (0.7%)  onto  superfrosted  glass 
microscope  slides  (3  X  1",  thickness  1  mm)  and  a  coverslip 
was  laid  gently  on  the  agarose.  The  agarose  was  allowed  to 
solidify  at  4°C,  and  the  coverslip  was  removed.  Low  melt¬ 
ing  point  agarose  was  prepared  in  100  tnW  PBS  and  kept  at 
37°C.  Samples  of  the  motor  neuron  enriched  cell  suspension 
were  mixed  with  the  low  melting  point  agarose,  and  50  pi 
of  a  mixture  of  cell  suspension  (containing  —4.4  X  104 
motor  neurons)  and  low  melting  point  agarose  was  applied 
to  the  first  gel  layer.  The  slides  were  then  coverslipped  and 
placed  at  4°C  for  solidification  of  the  cell  suspension- 
agarose  mixture.  After  the  second  layer  solidified,  the  cov- 
erslips  were  removed  and  100  pi  of  low  melting  point 
agarose  was  added  on  top  of  the  cell  layer.  The  gels  were 


recoverslipped,  and  the  slides  were  placed  on  ice  for  gel 
solidification. 

For  the  elution  of  DNA  from  motor  neurons  during 
electrophoresis  the  cells  were  lysed  and  their  DNA  was 
denatured.  Coverslips  were  removed  from  the  cell  microgels 
and  the  slides  were  covered  with  1.5  mL  of  lysis  buffer  at 
pH  10  containing  2.5  M  NaCI,  100  m M  EDTA,  1%  sodium 
lauryl  sarcosine,  10  mM  Tris,  and  Triton  X-100  (final  con¬ 
centration  1%,  freshly  added  immediately  before  use).  The 
ceil  microgels  were  lysed  for  30  min  (at  room  temperature). 
After  draining,  microgels  were  treated  with  DNA-unwind- 
ing  solution  (300  mM  NaOH,  1  mM  EDTA,  pH  12)  for  30 
min  (room  temperature).  A  pH  12  is  appropriate  for  SSB 
detection,  because  hydrogen  bonds  destabilize  at  this  pH 
and  double-stranded  DNA  separates  into  individual  single 
strands,  rendering  shorter  single-stranded  DNA  (resulting 
from  SSB)  more  easily  eluted  from  the  nucleus  (Liu  and 
Martin,  2001b).  The  microgels  were  then  placed  directly 
into  a  horizontal  gel  electrophoresis  chamber  filled  with 
DNA-unwinding  solution.  Gels  were  run  with  constant  cur¬ 
rent  (300  mA  at  room  temperature)  for  generally  30  min. 
After  electrophoresis,  the  microgels  were  neutralized  with 
50  mM  Tris-HCl  (pH  7.5)  for  15  min  (twice).  DNA  was 
visualized  with  ethidium  bromide  staining  (20  pg/mL,  20 
min  at  room  temperature)  after  which  the  microgels  were 
washed  and  coverslipped.  The  evaluation  and  image  acqui¬ 
sition  were  performed  using  a  Zeiss  fluorescence  micro¬ 
scope  as  described  (Liu  and  Martin,  2001a,  2001b).  Comet 
measurements  were  performed  as  described  (Liu  and  Mar¬ 
tin,  2001a,  2001b). 


RESULTS 

Bax  Deficiency  Prevents  Injury-Induced 
Motor  Neuron  Apoptosis  in  Adult 
Spinal  Cord 

We  used  mice  with  targeted  deletions  of  the  bax  gene 
(tec-/~)  to  test  the  hypothesis  that  motor  neuron 
apoptosis  in  the  adult  spinal  cord  is  Bax  dependent 
[Fig.  1(A)].  At  21  days  after  sciatic  nerve  avulsion, 
the  number  of  motor  neurons  in  the  ipsilateral  L5  of 
wild-type  C57BL/6  mice  was  54  ±  17%  (mean 
±  SD)  of  contralateral  L5;  in  contrast,  the  number  of 
neurons  in  the  ipsilateral  L5  of  Bax-deficient  mice 
was  98.0  ±  5%  (mean  ±  SD)  of  contralateral  L5. 

Loss  of  p53  Function  Protects  Adult 
Motor  Neurons  from  Apoptosis 

Mice  with  targeted  inactivation  of  the  p53  gene 
(p53_/_)  were  used  to  test  the  hypothesis  that  motor 
neuron  apoptosis  in  adult  spinal  cord  is  p53  dependent 
[Fig.  1(B)].  At  21  days  after  sciatic  nerve  avulsion, 
the  number  of  motor  neurons  in  the  ipsilateral  L5  of 
wild-type  129/Sv  mice  was  53  ±  16%  (mean  ±  SD) 
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Figure  1  Motor  neuron  apoptosis  in  adult  spinal  cord  is 
mediated  by  Bax  and  p53.  Sciatic  nerve  avulsions  were 
done  on  bax+/+  (wild  type,  n  =  20)  and  bax~/~  mice  (n 
—  16)  or  p53+/+  (wild  type,  n  =  10)  and  p5i_/~  mice  (n 
=  18)  that  were  survived  for  21  days.  Neurons  were  counted 
in  the  ipsilateral  and  contralateral  (control)  L5.  Values  are 
mean  ±  standard  deviation.  Bax  gene  deletion  (A)  and  p53 
gene  inactivation  (B)  completely  blocked  the  injury-induced 
apoptosis  of  motor  neurons  (asterisk,  p  <  .05). 


of  contralateral  L5;  in  contrast,  the  number  of  neurons 
in  the  ipsilateral  L5  of  p53-deficient  mice  was  93 
±  9.0%  (mean  ±  SD)  of  contralateral  L5.  Thus,  loss 
of  p53  function  protects  neurons  from  apoptosis  in  the 
adult  brain.  To  determine  whether  this  effect  is  sus¬ 
tained,  mice  were  survived  for  a  longer  time.  At  70 
days  after  sciatic  nerve  avulsion,  the  number  of  neu¬ 
rons  in  the  ipsilateral  L5  of  wild-type  129/Sv  mice 
was  50  ±  15%  (mean  ±  SD)  of  contralateral  L5, 
whereas  the  number  of  neurons  in  the  ipsilateral  L5  of 
p53-deficient  mice  was  90  ±  10%  (mean  ±  SD)  of 
contralateral  L5.  Thus,  deletion  of  p53  results  in  sus¬ 
tained  protection  against  motor  neuron  apoptosis  in 
spinal  cord. 


p53  Accumulation  Mediates  Motor 
Neuron  Apoptosis  after  Sciatic 
Nerve  Lesions 

In  the  normal  rat  and  mouse  spinal  cord  the  level  of 
immunocytochemically  detectable  p53  is  low.  Immu- 
noreactivity  is  observed  mostly  in  the  nuclei  of  some 
parenchymal  glial  cells  and  ependymal  cells  lining  the 
central  canal.  In  motor  neurons  of  naive  animals,  p53 
immunoreactivity  is  observed  very  rarely.  In  the  non- 
lesioned  (contralateral)  side  of  spinal  cord,  p53  im¬ 
munoreactivity  is  observed  in  the  nucleus  of  a  few 


motor  neurons  in  rat  [Fig.  2(A)  and  (C),  arrowheads] 
and  mouse  [Fig.  3(A)  and  (C),  arrowheads].  In  con¬ 
trast,  p53  immunoreactivity  accumulates  prominently 
in  the  nucleus  of  neurons  in  the  ipsilateral  ventral  horn 
of  rat  [Fig.  2(B)  and  (D)-(G)]  and  mouse  [Fig.  3(B) 
and  (D)-(G)].  At  1,  2,  and  3  days  postlesion,  the 
localization  of  p53  in  the  ipsilateral  ventral  horn  is  not 
substantially  different  from  the  contralateral  ventral 
horn.  In  ipsilateral  motor  neurons,  p53  immunoreac¬ 
tivity  is  elevated  at  4  days  in  both  rat  [Fig.  2(B)  and 

(D) ]  and  mouse  [Fig.  3(B)  AND  (D)]  and  remains 
elevated  through  7  days  postlesion  [Figs.  2(F)  and 
3(D)-(G)].  Lesioned  motor  neurons  in  mouse  also 
showed  a  prominent  increase  in  p53  in  the  cytoplasm 
[Fig.  3(D)].  The  nuclear  sequestration  of  p53  occurs 
in  motor  neurons  prior  to  and  during  chromatolysis,  as 
shown  by  cresyl  violet  counterstaining  [Fig.  2(D)  and 

(E) ,  arrowheads];  thus,  this  is  an  early  event  in  the 
staging  of  motor  neuron  apoptosis  (Martin  et  al., 
1 999).  p53  immunoreactivity  is  localized  to  strands  in 
the  nucleus,  consistent  with  a  DNA  binding  protein 
[Fig.  2(D),  double  arrows].  There  is  some  induction  of 
p53  in  contralateral  motor  neurons  by  7  days,  but  the 
difference  between  ipsilateral  and  contralateral  is  dra¬ 
matic,  as  demonstrated  by  counting  motor  neurons 
with  p53  immunoreactivity.  In  the  rat,  at  4  days 
postlesion  the  number  (%  of  contralateral)  of  motor 
neurons  with  p53  immunoreactivity  was  162  ±  4% 
(mean  ±  SD)  and  at  7  days  postlesion  this  value 
increased  to  274  ±  70%.  In  motor  neurons  showing 
structural  characteristics  of  apoptosis  [Figs.  2(F)  and 
3(G)],  and  in  some  preapoptotic  chromatolytic  motor 
neurons  [Fig.  2(E)]  p53  is  present  in  nuclear  inclu¬ 
sions.  At  7  days  postlesion  and  thereafter,  some  small 
nonneuronal  cells  that  are  likely  to  be  astroglia  show 
an  induction  of  p53  in  ipsilateral  ventral  horn  [Fig. 
2(G),  dotted  arrows]. 

The  functional  activation  of  p53  as  a  transcription 
factor  in  motor  neurons  was  evaluated  by  immunode¬ 
tection  of  phosphorylated  p53.  The  phosphorylation 
of  p53  at  Ser392  results  in  its  activation  as  a  DNA 
binding  protein  (Levine,  1997).  Ser-392-phosphory- 
lated  p53  was  observed  in  the  cytoplasm  and  nucleus 
of  ipsilateral  motor  neurons  at  5  days  postlesion 
through  14  days  in  rat  [Fig.  4(A)  and  (B)]  and  mouse 
[Fig.  4(C)]  spinal  cord. 


Bax  Undergoes  an  Intracellular 
Redistribution  in  Motor  Neurons  during 
Apoptosis 

Bax  has  a  critical  role  in  the  apoptotic  process  in  many 
cells  presumably  by  forming  ion-conducting  channels  in 


Figure  2  p53  immunoreactivity  accumulates  in  rat  spinal  motor  neurons  after  sciatic  nerve 
avulsion.  In  the  nonlesioned  side  of  spinal  cord  at  4  days,  few  neurons  are  immunoreactive  for  p53 
[(A)  and  (C),  arrowheads]  and  subsets  of  small  glial  cells  are  positive  [(C),  dotted  arrow],  (A)  A 
panoramic  view  of  the  contralateral  L5  group  IX  motor  neurons  at  low  magnification.  (C)  A  high 
magnification  view  of  a  p53  immunopositive  motor  neuron  (lower  right,  arrowhead)  and  a  nearby 
motor  neuron  with  a  completely  immunonegative  nucleus,  illustrating  the  highly  selective  and  rare 
localization  of  p53  in  individual  motor  neurons  and  occasional  small  nonneuronal  cells  (top  left, 
dotted  arrow)  in  contralateral  side  of  lumbar  spinal  cord.  In  the  lesioned  side  at  4  days,  p53 
immunoreactivity  accumulates  in  the  nucleus  of  many  motor  neurons  [(B)  and  (D),  arrowheads],  (B) 
A  panoramic  view  of  the  ipsilateral  L5  group  IX  motor  neurons  at  low  magnification.  (D)  A  high 
magnification  view  of  p53  immunopositive  motor  neurons  (arrowheads.)  In  some  motor  neuron 
nuclei,  p53  immunoreactivity  decorates  strands  in  the  nucleus  [(D),  left  motor  neuron,  small  double 
arrows].  In  motor  neurons  in  the  chromatolytic  stage  of  apoptosis  [(E),  arrowhead]  p53  immuno¬ 
reactivity  aggregates  to  form  novel  nuclear  inclusions  [(E),  small  double  arrows].  As  apoptosis 
progresses  to  the  somatodendritic  atrophy  stage  with  nuclear  condensation  [(F),  arrowhead],  p53 
nuclear  inclusions  become  more  prominent  as  they  become  dense  and  dark  [(F),  top  right,  small 


Figure  3  p53  immunoreactivity  accumulates  in  mouse  L5 
motor  neurons  after  sciatic  nerve  avulsion.  In  the  nonle- 
sioned  side  of  spinal  cord  at  4  days,  constitutive  levels  of 
p53  are  low  in  motor  neurons  with  only  a  few  neurons 
showing  faint  immunoreactivity  [(A),  arrowheads].  In  the 
lesioned  side  at  4  days,  p53  immunoreactivity  is  increased 
in  subsets  of  motor  neurons  [(B),  arrowheads].  In  the  non- 
lesioned  side  of  .spinal  cord  at  7  days,  very  few  motor 
neurons  show  p53  immunoreactivity,  but  these  immunopo- 
sitive  cells  have  more  intense  staining  than  neurons  in  the 
nonlesioned  side  at  4  days  [(C)  and  (E),  arrowheads;  com¬ 
pare  with  (A)].  In  contrast  in  the  lesion  side,  motor  neurons 
show  a  dramatic  upregulation  in  the  levels  of  p53  [(D)  and 
(F),  arrowheads],  with  immunoreactivity  filling  the  cell. 
Lesioned  motor  neurons  at  9  days  are  in  the  somatodendritic 
atrophy  stage  of  apoptosis  (i.e.,  they  are  shrunken  and  are 
separated  from  the  surrounding  neuropil)  and  remain  p53 
positive  [(G),  arrowhead].  Scale  bars:  [(A),  same  for  (B)- 
(D)],  100  p m;  [(E),  same  for  (F)  and  (G)],  12  /xm. 

the  membrane  of  mitochondria  (Antonsson  et  al.,  1997). 
Moreover,  p53  is  a  transcriptional  activator  of  the  bax 
gene  (Miyashita  and  Reed,  1995),  and  one  pathway 
through  which  p53  commits  cells  to  death  is  Bax  up¬ 
regulation.  We,  therefore,  evaluated  whether  Bax  immu- 
nostaining  patterns  change  in  L5  motor  neurons  after 
sciatic  nerve  avulsion  rat  and  mouse  (Figs.  5  and  6, 


Figure  4  Immunolocalization  of  active  p53  with  antibody 
to  phospho-p53  (ser392)  demonstrates  nuclear  accumula¬ 
tion  of  active  p53  in  subsets  of  ipsilateral  L5  motor  neurons 
in  rat  [(A)  and  (B),  black  arrows]  and  mouse  [(C),  black 
arrow]  at  5  days  postlesion.  Photomicrographs  in  (A)  and 
(B)  are  of  the  identical  microscopic  field  but  at  different 
z-axis  levels  showing  a  nearby  unlabeled  motor  neuron 
(asterisks).  Scale  bars:  [(A),  same  for  (B)],  22  ju,m;  (C),  16 
pm. 


double  arrows].  A  nearby  large  nucleus  [(F),  lower  left]  contains  a  p53  nuclear  inclusion.  Subsets 
of  small  nonneuronal  cells,  most  likely  astroglia  (distinguished  by  their  small  size  an  ellipsoidal  pale 
nucleus),  in  the  ipsilateral  L5  express  p53  [(G),  dotted  arrows]  in  addition  to  motor  neurons  (cell  at 
far  left  center).  Scale  bars:  [(A),  same  for  (B)],  47  pm;  [(C),  same  for  (D)-(G)],  9  pm. 
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Figure  5  Immunolocalization  of  Bax  in  L5  after  sciatic 
nerve  avulsion.  (A)  In  rat  L5  at  7  days  after  lesioning,  Bax 
immunoreactivity  is  increased  dramatically  in  ipsilateral 
motor  neurons  (arrow)  compared  to  the  nonlesioned  side. 
Scale  bar  =  100  pm  [same  for  (E)].  (B)-(D)  In  nonlesioned 
motor  neurons,  Bax  immunoreactivity  is  enriched  in  the 
cytoplasm  and  is  organized  into  large  Nissl-like  aggregates 
(B).  In  lesioned  motor  neurons  in  the  chromatolytic  stage  of 
apoptosis  at  5-7  days  (C)  Bax  immunostaining  is  increased. 


Figure  6  Immunogold-EM  localization  of  Bax  and  cyto¬ 
chrome  c  in  spinal  motor  neurons  after  sciatic  nerve  avul¬ 
sion.  (A)  and  (B)  Constitutive  levels  of  Bax  immunoreac¬ 
tivity  (arrowheads)  in  motor  neurons  are  low  in  motor 
neurons  in  the  nonlesioned  side  of  spinal  cord  (A).  Bax  is 
localized  to  mitochondria  (m),  endoplasmic  reticulum,  nu¬ 
clear  envelope,  and  cytosol  [(A),  arrowheads].  In  lesioned 
L5  motor  neurons  at  7  days,  Bax  immunolabeling  of  mito¬ 
chondria  and  endoplasmic  reticulum  is  increased  promi¬ 
nently  (B).  (C)  and  (D)  In  motor  neurons  in  the  nonlesioned 
side  of  spinal  cord,  cytochrome  c  immunolabeling  is  asso¬ 
ciated  primarily  with  mitochondria  (C),  often  forming  clus¬ 
ters  of  immunoreactivity  [see  Fig.  7(A)],  In  lesioned  motor 
neurons  at  7  days  postlesion  (D),  cytochrome  c  is  found 
diffusely  in  the  cytoplasm  [see  Fig.  7(B)—(D)].  Scale  bar  in 
(D),  same  for  (A)-(C))  =  0. 1  pm. 


Table  1).  In  normal  motor  neurons  of  rat  and  wild-type 
bax+/+  mice,  Bax  immunoreactivity  is  found  as  large 
aggregates  in  the  cytoplasm  [Fig.  5(B)].  This  immuno¬ 
reactivity  has  a  distribution  similar  to  Nissl  substance  by 
light  microscopy  [Fig.  5(B)].  Immunogold  EM  con¬ 
firmed  that  Bax  immunoreactivity  is  enriched  in  aggre¬ 
gates  of  rough  endoplasmic  reticulum  [Fig.  6(A)  and 
(B)].  In  lesioned  motor  neurons  undergoing  apoptosis, 


filling  the  cytoplasm  and  the  nucleus  in  a  diffuse  distribu¬ 
tion  (see  Table  1  for  quantification).  In  lesioned  motor 
neurons  in  the  somatodendritic  stage  of  apoptosis,  Bax 
immunoreactivity  remains  diffusely  localized  throughout 
the  cell.  Scale  bar  in  (B)  [same  for  (C)  and  (D)  =  4  pm.  (E) 
In  (?ax_/~  mice,  Bax  immunoreactivity  is  not  detectable 
[using  the  same  antibody  as  in  (A)-(D)]  in  ipsilateral  (ar¬ 
row)  and  contralateral  sides  of  L5.  Nonspecific  staining  of 
microvessels  served  as  a  positive  control  for  the  immuno- 
peroxidase  method.  (F)  and„(G)  p53  gene  inactivation  in 
mice  (F)  attenuates  the  elevation  in  Bax  immunoreactivity 
seen  in  wild-type  mice  (G)  after  sciatic  nerve  avulsion. 
Scale  bar  (F)  =  100  pm  [same  for  (G)). 
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Table  1  Quantitative  Subcellular  Analysis  of  Bax  and  Cytochrome  c  in  Adult  Spinal  Motor  Neurons  Undergoing 
Injury-Induced  Apoptosis 


Days 

After 

Lesion" 

Mitochondrial  Number11 

Bax  IRC 

Cytochrome  c  IRd 

Contra 

Ipsi 

Total 

Mitochondria 

Total 

Mitochondria 

5 

0.53  ±0.18 

0.50  +  0.16 

97.5  ±  2.1 

91.0  ±  12.7 

147  ±  5.1* 

108.6  ±  17.6 

[F(l,  5)  =  6.93; 

p  =  0.04] 

7 

0.58  +  0.12 

0.85  ±  0.23* 

196.6  ±  4.2* 

400.0  ±  101.0** 

170.8  ±  46.7* 

72.6  ±  10.2** 

[F(l ,  5)  =  6.75; 

[F(l,  6)  =  6.21; 

[F(l,  6)  =  16.12; 

[F(l,  5)  =  8.12; 

[F(l,  5)  =  17.32; 

p  =  0.04] 

p  =  0.03] 

p  =  0.001] 

p  =  0.04] 

p  =  0.005] 

9 

0.65  ±  0.07 

0.76  ±  0.38 

92.5  +  8.4 

67.7  ±  9.0** 

281.1  ±  62.3* 

20.4  ±  20.0** 

[F(l,  6)  =  14.01; 

[F(l,  5)  =  9.01; 

[F(l,  5)  =  17.89; 

p  =  0.005] 

p  =  0.02) 

p  =  0.0001] 

“The  lesion  was  a  unilateral  sciatic  nerve  avulsion  in  adult  (150-200  g)  male  rat. 

b  Mitochondrial  number//xm2  in  ipsilateral  (ipsi)  and  contralateral  (contra)  L5  motor  neurons.  Values  are  mead  ±  SD  based  on  analysis 
of  serial  thin  sections  of  5-10  group  IX  motor  neurons  per  side.  Single  asterisk  indicates  significantly  different  (p  <  0.05)  from  contralateral 
side.  The  calculated  F-values  for  the  analysis  of  variance  and  the  post  hoc  probabilities  are  indicated  for  the  significant  values. 

c  The  level  of  Bax  immunoreactivity  (IR)  in  ipsilateral  L5  motor  neurons  is  represented  as  %  (mean  ±  SD)  of  contralateral  L5  motor 
neurons.  Total  refers  to  cytoplasmic  Bax  immunogold  particles  (free  and  organelle-associated)  and  mitochondrial  refers  to  only  mitochondrial- 
associated  Bax  immunogold  particles.  Single  asterisk  indicates  significantly  increased  ( p  <  0.05)  from  contralateral  side.  Double  asterisk 
indicates  significantly  decreased  (p  <  0.01)  from  contralateral  side.  The  calculated  F-values  for  the  analysis  of  variance  and  the  post  hoc 
probabilities  are  indicated  for  the  significant  values. 

d  The  level  of  cytochrome  c  immunoreactivity  (IR)  in  ipsilateral  L5  motor  neurons  is  represented  as  %  (mean  ±  SD)  of  contralateral  L5 
motor  neurons.  Total  refers  to  cytoplasmic  cytochrome  c  immunogold  particles  (free  and  organelle-associated)  and  mitochondrial  refers  to  only 
mitochondrial-associated  cytochrome  c  immunogold  particles.  Single  asterisk  indicates  significantly  increased  (p  <  0.05)  from  contralateral 
side.  Double  asterisk  indicates  significantly  decreased  ( p  <  0.01)  from  contralateral  side.  The  calculated  F-values  for  the  analysis  of  variance 
and  the  post  hoc  probabilities  are  indicated  for  the  significant  values. 


the  pattern  of  Bax  immunostaning  changes  notably  in 
two  ways.  In  the  rat  and  mouse,  Bax  immunostaining  is 
enhanced  in  lesioned  motor  neurons  compared  to  con¬ 
tralateral  motor  neurons  as  revealed  by  light  microscopy 
[Fig.  5(A)],  Quantitative  immunogold  EM  showed  a 
twofold  increase  in  total  Bax  immunoreactivity  in  ipsi¬ 
lateral  L5  motor  neurons  by  7  days  [Table  1,  Fig.  6(B)], 
In  addition,  Bax  immunoreactivity  redistributes  in  le¬ 
sioned  motor  neurons.  By  light  microscopy  the  lesioned 
L5  motor  neurons  show  a  marked  increase  in  Bax  lev¬ 
els,  and  the  pattern  of  Bax  immunostaining  changes 
from  large  aggregates  to  finer  particles  within  the 
cytoplasm  and  nuclear  staining  [Fig.  5(C)  and  (D)]. 
Immunogold  EM  showed  a  prominent  increase 
(~400%)  in  mitochondrial-associated  Bax  immunoreac¬ 
tivity  by  7  days  postlesion  [Table  1,  Fig.  6(B)].  Bax 
accumulates  within  mitochondria  at  perinuclear  loca¬ 
tions  in  injured  motor  neurons  [Fig.  6(B)].  This  in¬ 
crease  in  mitochondrial  Bax  was  transient  because  by 
9  days  postlesion  mitochondrial-associated  Bax  is 
significantly  lower  than  contralateral  motor  neurons 
and,  by  light  microscopy,  there  is  a  corresponding 
decrease  in  Bax  immunostaining  intensity  [Fig.  5(D)]. 
Bax  immunostaining  was  not  detectable  in  nonlesioned 
and  lesioned  bax~'~  mice  [Fig.  5(E)],  Inactivation  of  the 
p53  gene  altered  the  Bax  staining  patterns.  p53~/_  mice 
had  lower  constitutive  expression  of  Bax  and,  after  le- 


sioning,  the  enhancement  of  Bax  immunostaining  in 
motor  neurons  was  attenuated  [Fig.  5(F)  and  (G)].  How¬ 
ever,  bax  gene  deletion  did  not  prevent  the  induction  and 
activation  of  p53  in  lesioned  motor  neurons  (data  not 
shown). 


Motor  Neurons  Destined  to  Undergo 
Apoptosis  Accumulate  Mitochondria 

We  have  shown  previously  that  avulsed  motor  neu¬ 
rons  accumulate  cytochrome  c  oxidase  activity 
(Martin  et  al.,  1999),  but  the  significance  of  this 
finding  is  not  clear.  To  evaluate  possible  changes  in 
mitochondrial  distribution  and  number,  mitochon¬ 
dria  were  counted  in  lesioned  and  control  L5  motor 
neurons  in  serial  thin  sections  using  EM  (Table  1, 
Fig.  6).  At  5  days  postlesion,  mitochondrial  num¬ 
bers  in  ipsilateral  and  contralateral  L5  motor  neu¬ 
ron  perikarya  were  similar.  By  7  days,  the  number 
of  mitochondria  increased  significantly  ( —  1 48%  of 
contralateral)  in  ipsilateral  L5  motor  neuron 
perikarya  (Table  1,  Fig.  6).  At  9  days  postlesion  the 
number  of  intact  mitochondria  in  ipsilateral  motor 
neurons  did  not  differ  significantly  from  contralat¬ 
eral  motor  neurons  (Table  1). 
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Cytochrome  c  Undergoes  an 
Intracellular  Redistribution  in  Apoptotic 
Motor  Neurons 


Figure  7  Immunolocalization  of  cytochrome  c  in  motor 
neurons  after  sciatic  nerve  avulsion  in  rat.  (A)  In  normal 
nonlesioned  motor  neurons  (contralateral  side  at  1  day 
postlesion),  cytochrome  c  is  localized  to  discrete  granules 
distributed  throughout  the  cytoplasm  [(F)  shows  immuno- 
reactivity  at  greater  magnification]  in  a  pattern  similar  to  the 
distribution  of  mitochondria.  (B)  Lesioned  motor  neurons  at 
1  day  show  subtle  changes  in  the  distribution  of  cytochrome 
c.  An  early  sign  of  injury  is  accumulation  of  cytochrome  c 
immunoreactivity  around  the  nucleus  (in  this  example  the 
accumulation  is  most  noticeable  at  the  lower  right  area 
around  the  nucleus)  and  the  cytoplasm  has  less  discrete 
particles  compared  to  contralateral  motor  neurons  [compare 
with  (A)].  (C)  Lesioned  motor  neurons  at  2  days  begin  to 
show  an  increase  in  the  staining  intensity  of  cytochrome  c. 
(D)  At  4  day  postlesion  motor  neurons  undergoing  apopto¬ 
sis  (note  the  nuclear  shape  change)  have  dramatically  ele¬ 
vated  cytochrome  c.  (E)  At  7  days  postlesion,  cytochrome  c 
appears  as  fine  amorphous,  diffusely  distributed  labeling 
throughout  the  cytoplasm  in  motor  neurons  [(G)  shows 
immunoreactivity  at  greater  magnification).  Scale  bar:  [(A), 
same  for  (B)-(E)],  14  gm;  [(F),  same  for  (G)],  7  /xm. 


The  intracellular  localization  of  cytochrome  c  was 
evaluated  by  immunofluorescence  in  motor  neurons 
during  apoptosis  (Fig.  7).  Cytochrome  c  immunore¬ 
activity  in  spinal  motor  neurons  appears  normally  as 
large  granules  or  vermiform  structures  scattered 
throughout  the  cytoplasm  [Fig.  7(A)  and  (F)].  This 
pattern  of  immunolabeling  changes  quickly  in  motor 
neurons  after  sciatic  nerve  avulsion.  By  1  day  postle¬ 
sion,  the  cytochrome  c  immunoreactivity  redistributes 
to  a  perinuclear  location  in  ipsilateral  motor  neurons 
[Fig.  7(B)]  compared  to  contralateral  motor  neurons. 
At  2  days  the  level  of  immunostaining  is  increased, 
with  large  cytoplasmic  territories  showing  intense  cy¬ 
tochrome  c  immunoreactivity  [Fig.  7(C)],  At  4  days 
postlesion  cytochrome  c  immunoreactivity  appears  as 
diffuse  fine  particles  that  fill  the  perikaryal  cytoplasm 
of  ipsilateral  motor  neurons  undergoing  preapoptotic 
somatodenritic  atrophy  [Fig.  7(D)].  At  7  days  postle¬ 
sion  two  staining  patterns  emerge  in  motor  neurons 
ipsilaterally.  Some  motor  neurons  in  apoptosis  are 
shrunken  and  round  in  shape  with  the  cytoplasm  filled 
with  finely  particulate  and  diffusely  distributed  cyto¬ 
chrome  c  immunolabeling  [Fig.  7(E)  and  (G)],  while 
other  motor  neurons  display  an  inhomogeneous  loss 
of  immunostaining.  Other  motor  neurons  have  label¬ 
ing  similar  to  the  pattern  seem  at  earlier  times  postle¬ 
sion.  At  14  days  postlesion,  in  addition  to  the  degen¬ 
erating  motor  neurons  with  diffuse  cytoplasmic 
labeling  for  cytochrome  c,  a  few  motor  neurons  in  the 
ipsilateral  side  of  spinal  cord  display  a  cytochrome  c 
pattern  typical  of  normal  neurons  and  are  likely  to  be 
recovering  from  the  lesion. 

Immunogold  EM  was  used  to  directly  visualize 
and  quantify  cytochrome  c  in  different  subcellular 
compartments  specifically  in  L5  motor  neurons  early 
in  the  apoptotic  process.  At  5  days  postinjury,  total 
cytoplasmic  cytochrome  c  levels  were  increased  sig¬ 
nificantly  (147%  of  contralateral),  but  the  level  of 
mitochondrial-associated  cytochrome  c  immunoreac¬ 
tivity  in  ipsilateral  motor  neurons  was  not  different 
from  control  (Table  1).  At  7  days  after  avulsion,  total 
cytoplasmic  cytochrome  c  levels  were  elevated  fur¬ 
ther  (170%  of  control),  but  mitochondrial-associated 
cytochrome  c  was  decreased  (73%  of  control)  in  le¬ 
sioned  motor  neurons  [Table  1,  Fig.  6(C)  and  (D)].  By 
9  days  postlesion,  mitochondrial  cytochrome  c  levels 
were  only  20%  of  control,  while  the  level  of  diffusely 
distributed  cytoplasmic  cytochrome  c  was  281%  of 
control  (Table  1). 
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Figure  8  Caspase-3  is  activated  in  adult  motor  neurons 
after  injury.  (A)-(D)  In  nonlesioned  L5  spinal  cord,  active 
caspase-3  is  present  in  the  neuropil  of  the  ventral  horn  [(A), 
arrows]  and  in  some  glial  cells  (C),  but  in  the  lesioned  side 
of  L5  [(B),  arrows]  active  capsase-3  is  enriched  in  motor 
neuron  cell  bodies  and  dendrites  [(B)  and  (D)].  Scale  bars: 
[(A),  same  for  (B)],  90  pm;  [(C),  same  for  (D)],  30  pm.  (E) 
and  (F)  p53  gene  inactivation  in  mice  attenuates  the 
caspase-3  activation  (E)  seen  in  wild-type  mice  (F)  after 
sciatic  nerve  avulsion.  Scale  bar  (E)  =  90  pm  [(same  for 
(F)]. 


Caspase-3  Is  Activated  in  Adult  Spinal 
Motor  Neurons  during  Injury-Induced 
Apoptosis 

Activation  of  caspase-3  is  a  critical  downstream 
event  in  many  forms  of  PCD  (Kuida  et  al.,  1996). 
We  evaluated  if  caspase-3  is  activated  directly  in 
motor  neurons  during  apoptosis  using  an  antibody 
specific  for  active  caspase-3  (Fig.  8).  In  normal  and 
lesioned  spinal  cord,  subsets  of  glial  cells  showed 
faint  nuclear  immunoreactivity  for  caspase-3.  Nu¬ 
clear  labeling  for  caspase-3  is  consistent  with  sub- 
cellular  fractionation  analyses  (Zhivotovsky  et  al., 
1999).  Immunoreactivity  for  cleaved  caspase-3  was 


also  present  in  the  neuropil  of  normal  and  lesioned 
spinal  cord.  Cleaved  caspase-3  was  rarely  observed 
in  neuronal  cell  bodies  in  nonlesioned  spinal  cords. 
In  rats  at  5,  7,  9,  and  12  days  after  sciatic  nerve 
avulsions,  a  progressive  accumulation  of  active 
caspase-3  occurred  in  subsets  of  ipsilateral  motor 
neurons.  Maximal  accumulation  was  observed  at  9 
and  12  days  postlesion  [Fig.  8(A)-(D)].  Caspase-3 
activation  was  not  observed  in  lesioned  motor  neu¬ 
rons  in p55“/_  and  bax-/_  mice  [Fig.  8(E)  and  (F)), 
consistent  with  the  lack  of  injury-induced  motor 
neuron  apoptosis  in  these  animals. 

Motor  Neurons  Accumulate  DNA-SSB  In 
Vivo  Early  after  Injury 

The  comet  assay  was  used  to  evaluate  if  DNA 
damage  could  be  an  early  upstream  signal  for  motor 
apoptosis,  consistent  with  a  p53-mediated  mecha¬ 
nism  of  cell  death  (Fig.  9,  Table  2).  At  5  days  after 
unilateral  sciatic  nerve  avulsion,  many  (26%)  lum¬ 
bar  motor  neurons  from  the  lesioned  side  of  L5  had 
comets  [Fig.  9(A)],  while  <2.0%  of  motor  neurons 
from  the  nonleisoned  side  of  L5  had  comets.  The 
heads  of  these  motor  neuron  comets  were  large, 
round,  and  bright,  and  the  tails  were  very  short 
(Table  2),  and  consisted  of  scattered  large  granules 
close  to  the  head  [Fig.  9(A)].  The  comet  moment,  a 
very  sensitive  index  of  early  DNA  damage  (Liu  and 
Martin,  2001b),  was  low  (~1.8  X  10s,  Table  2). 
Motor  neurons  with  comets  at  5  days  did  not  have 
an  apoptotic  nuclear  morphology  based  on  ethidium 
bromide  staining. 

The  number  of  motor  neurons  with  DNA  damage 
and  the  extent  of  DNA-SSB  in  motor  neurons  contin¬ 
ued  to  increase  between  5-7  days  after  sciatic  nerve 
avulsion.  At  7  days  after  sciatic  nerve  avulsion,  the 
number  of  motor  neuron  comets  in  the  lesioned  side 
of  spinal  cord  increased  significantly  (35%,  p  <  .05) 
compared  to  5  days.  The  comet  moment  also  in¬ 
creased  (—9.5  X  10s)  compared  to  5  days  (Table  2), 
indicating  a  progressive  formation  of  DNA-SSB.  The 
DNA  content  in  the  heads  of  these  comets  was  similar 
to  5  days  comets,  but  the  head  area  was  increased 
(Table  2)  indicating  looser  DNA  packaging.  These 
comets  had  granular  tails  that  were  longer  than  those 
at  5  days  [Fig.  9(B),  Table  2].  No  motor  neuron 
comets  were  observed  in  the  nonlesioned  side  of  L5  at 
7  days  postlesion. 

At  10  days  after  sciatic  nerve  avulsion  subsets  of 
lumbar  motor  neurons  (23%)  on  the  lesioned  side 
were  comets.  Many  of  these  comets  had  heads  with  a 
coma  and  a  short  granular  tail  [Fig.  9(C)].  Other 
comets  had  a  small  head  or  no  head  and  a  much  larger 
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Figure  9  DNA-SSB  occur  in  motor  neurons  after  unilat¬ 
eral  sciatic  nerve  avulsion  as  detected  with  the  comet  assay. 
See  Table  2  for  measurements  of  DNA  damage.  (A)  At  5 
days  postlesion,  the  comet  heads  are  large  and  round  and  the 
tails  are  very  short.  (B)  At  7  days  postlesion,  the  comet 
heads  are  large  and  the  tails  are  longer  than  at  5  days, 
indicating  the  accumulation  of  DNA-SSB.  (C)  At  10  days 
postlesion,  motor  neurons  comets  have  an  irregular  head 
and  a  tail  formed  by  scattered  large  granules,  indicating 
accumulation  of  many  DNA-SSB.  Scale  bars:  [(A),  same 
for  (B)],  46  um;  C,  92  rxm 


tail  [tail  area  =  124,199  /xm2,  Fig.  9(C),  Table  2],  The 
heads  of  several  comets  had  a  nucleus  with  round 
aggregates  of  chromatin  typical  of  apoptosis  [Fig. 
9(C)],  and  the  tails  were  still  comprised  of  large 
granules,  although  they  were  finer  than  those  at  5  and 
7  days.  These  cells  had  the  greatest  comet  moments 
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significant  values. 

b  Calculated  from  DNA  intensity uil  X  tail  length  (Heilman  et  al.,  1995). 
c  Calculated  from  DNA  intensity tail  X  tail  area  (Liu  and  Martin,  200 1  b). 
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(-19.9  X  105),  indicating  accumulated  DNA  damage 
in  motor  neurons  at  10  days  after  sciatic  nerve  avul¬ 
sion  (Table  2).  At  14,  20,  and  28  days  after  sciatic 
nerve  avulsion,  no  comets  were  observed  in  motor 
neurons  from  either  ipsilateral  or  contralateral  lumbar 
ventral  horns. 

DISCUSSION 

Motor  neuron  apoptosis  occurs  in  humans  with  ALS 
and  after  spinal  cord  trauma,  but  the  mechanisms  are 
unknown.  We  used  an  animal  model  of  motor  neuron 
degeneration  to  elucidate  some  of  these  possible 
mechanisms  (Fig.  10).  Avulsion  of  the  sciatic  nerve 
induces  motor  neuron  apoptosis  (Martin  et  al.,  1999). 
Injured  motor  neurons  exhibit  metabolic  activation 
and  oxidative  stress  in  the  form  of  hydroxyl  radical 
damage  to  DNA  and  ONOO~  damage  (Martin  et  al., 
1999).  However,  another  group  has  reported  that  adult 
spinal  motor  neurons  die  through  nonapoptotic  path¬ 
ways  (Li  et  al.,  1998;  Chan  et  al.,  2001).  This  study 
further  supports  our  earlier  conclusion  that  avulsed 
adult  motor  neurons  die  through  apoptotic  mecha¬ 
nisms.  We  now  show  (Fig.  10)  that  this  process  occurs 
in  association  with  early  formation  of  DNA-SSB, 
activation  and  nuclear  sequestration  of  p53,  perikaryal 
and  mitochondrial  accumulation  of  Bax,  cytochrome 
c  redistribution,  and  activation  of  caspase-3.  Further¬ 
more,  we  show  that  apoptosis  of  motor  neurons  in 
adult  spinal  cord  after  injury  is  mediated  by  Bax  and 
\  p53. 

We  found  that  apoptosis  of  adult  motor  neurons 
requires  Bax.  Bax  gene  deletion  blocked  injury-in¬ 
duced  motor  neuron  apoptosis,  Bax  accumulation,  and 
caspase-3  activation,  but  did  not  prevent  activation  of 
p53.  Thus,  Bax-effector  mechanisms  for  motor  neu¬ 
ron  apoptosis  are  downstream  from  p53.  Other  exper¬ 
iments  have  shown  that  Bax  is  required  for  the  death 
of  peripheral  neurons  after  neurotrophin  withdrawal 
in  vitro  and  neonatal  facial  motor  neurons  after  axo- 
tomy  (Deckwerth  et  al.,  1996),  as  well  as  thalamic 
neurons  after  target  deprivation  in  adult  brain  (Martin 
et  al.,  2001).  Bax  is  important  also  for  developmental 
programmed  cell  death  of  neurons  (Deckwerth  et  al., 
1996).  Our  study  demonstrates  for  the  first  time  that 
motor  neuron  apoptosis  within  the  adult  spinal  cord  is 
Bax  dependent,  and  that  the  Bax  accumulation  is 
dependent  on  the  functional  p53  gene. 

We  have  directly  shown  using  immunogold  EM 
that  Bax  accumulates  in  mitochondria  of  injured  mo¬ 
tor  neurons  prior  to  apoptosis.  We  also  demonstrate 
directly  that  cytochrome  c  levels  increase  in  the  cy¬ 
toplasm  of  motor  neurons  early  during  apoptosis.  Our 


study  is  the  first  quantitative  subcellular  localization 
analysis  of  Bax  and  cytochrome  c  in  the  CNS  after 
injury.  Our  results  are  consistent  with  cell  culture 
experiments  showing  that  redistribution  of  Bax  to 
mitochondria  and  release  of  cytochrome  c  are  critical 
steps  in  the  signaling  of  apoptosis  (Wolter  et  al.,  1 997; 
Putcha  et  al.,  1999).  Bax  is  a  member  of  the  bcl-2 
protooncogene  family  (Merry  and  Korsmeyer,  1997), 
and  it  functions  by  forming  channels  in  mitochondrial 
membranes  (Antonsson  et  al.,  1997).  When  active, 
these  channels  may  allow  the  release  of  cytochrome  c 
from  mitochondria  to  the  cytosol.  As  revealed  here  in 
vivo,  Bax-dependent,  caspase-3  activation  is  a  key 
determinant  in  p53-mediated  apoptosis  of  motor  neu¬ 
rons.  Cell  culture  models  of  apoptosis  show  that  ac¬ 
tivation  of  caspase-3  occurs  when  caspase-9  proen¬ 
zyme  is  bound  by  apoptotic  protease-activating 
factor-1  (Apaf-1)  in  a  process  initiated  by  cytochrome 
c  and  either  ATP  or  dATP  (Liu  et  al.,  1996;  Li  et  al., 
1997).  Apaf-1,  a  130  kD  protein,  serves  as  a  docking 
protein  for  procaspase-9  and  cytochrome  c  (Li  et  al., 
1997).  Apaf-1  becomes  activated  with  the  binding  and 
hydrolysis  of  ATP  and  the  binding  of  cytochrome  c, 
promoting  Apaf-1  oligomerization  (Zou  et  al.,  1999). 
This  oligomeric  complex  recruits  and  activates  pro- 
caspase-9,  and  active  caspase-9  disassociates  from  the 
complex  and  becomes  available  to  activate  caspase-3. 

Our  in  vivo  study  is  also  novel  because  we  found 
activation  of  caspase-3  in  adult  spinal  motor  neurons 
after  injury.  Prominent  activation  of  caspase-3  occurs 
between  7  and  9  days  postlesion.  Activation  of 
caspase-3  in  injured  motor  neurons  is  a  far  down¬ 
stream  event.  It  occurs  after  the  initial  formation  of 
DNA-SSB,  the  activation  of  p53,  and  the  accumula¬ 
tion  and  redistribution  of  Bax  and  cytochrome  c.  The 
changes  in  caspase-3  in  apoptotic  motor  neurons  in 
adult  spinal  cord  are  consistent  with  studies  showing 
that  activation  of  caspase-3  participates  in  the  mech¬ 
anisms  of  retinal  ganglion  neuron  death  after  optic 
nerve  transection  (Kermer  et  al.,  1999)  and  thalamic 
neuron  death  after  cortical  damage  (Martin  et  al., 
200 1 ).  Active  caspase-3  cleaves  a  protein  with  DNase 
activity  (DFF-45),  and  this  cleavage  activates  a  path¬ 
way  leading  to  the  fragmentation  of  genomic  DNA. 
We  have  identified  previously  motor  neurons  under¬ 
going  nuclear  DNA  fragmentation  between  7  and  9 
days  postlesion  (Martin  et  al.,  1999). 

We  found  that  p53  regulates  motor  neuron  apopto¬ 
sis.  p53  accumulates  in  the  cytoplasm  and  is  seques¬ 
tered  in  the  nucleus  of  motor  neurons  prior  to  apopto¬ 
sis.  We  also  observed  for  the  first  time  that  p53  forms 
strands  and  inclusions  in  the  nucleus  of  motor  neurons 
undergoing  apoptosis.  This  observation  was  extended 
by  showing  that  p53  is  functionally  activated,  as  in- 
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Figure  10  Diagrammatic  representation  of  the  tentative 
time  course  of  major  events  associated  with  apoptosis  of 
motor  neurons  within  the  adult  spinal  cord  after  injury. 
Sciatic  nerve  avulsion  (a  lesion  of  motor  neurons  involving 
axotomy,  target  deprivation,  and  trauma)  induces  motor 
neurons  to  undergo  apoptosis  by  14  days  postlesion  (Martin 
et  al.,  1999).  This  apoptosis  is  mediated  by  Bax  and  cyto¬ 
chrome  c  and  involves  caspase-3  activation  as  downstream 
mechanisms.  The  upstream  mechanisms  are  mediated  by 
p53  in  response  to  DNA  SSB.  Representative  comets  found 
at  5,  7,  and  10  days  postlesion  (from  Fig.  9)  are  superim¬ 
posed  on  this  time  line.  The  DNA  damage  progresses  as 
indicated  by  the  progressive  elongation  of  the  tail  and  the 
DNA  clumping  in  the  head.  These  latter  comets  (far  right 
profile)  correspond  to  the  time  of  severe  DNA  fragmenta¬ 
tion  as  detected  by  in  situ  end-labeling  methods  (Martin  et 
al.,  1999).  The  initial  periods  of  each  step  of  the  cascade 
may  occur  sequentially,  but  after  the  alteration  is  engaged 
there  is  overlap  in  the  molecular  stages  of  motor  neuron 
apoptosis. 

dicated  by  serine-392  phosphorylation  of  p53  directly 
in  motor  neurons.  p53  functions  in  the  elimination  and 
repair  of  cells  that  have  sustained  DNA  damage.  p53 
accumulation  in  motor  neurons  most  likely  signifies 
DNA  damage-induced,  p53-mediated  apoptosis,  be¬ 
cause  these  neurons  are  terminally  differentiated  and 
accumulate  DNA-SSB.  This  conclusion  supported  by 
the  finding  that  p53  gene  inactivation  blocks  motor 
neuron  apoptosis. 

We  have  identified  previously  three  structural 
stages  of  motor  neuron  apoptosis  in  vivo  (Martin  et 
al.,  1999).  Neurons  pass  consecutively  through  chro¬ 
matolysis,  somatodendritic  atrophy,  and  apoptosis. 
We  have  hypothesized  that  some  yet  to  be  identified 
key  events  associated  with  DNA  damage  occur  during 
chromatolysis  that  commit  neurons  to  apoptosis  (Al- 
Abdulla  et  al.,  1998;  Al-Abdulla  and  Martin,  1998; 
Martin  et  al.,  1999).  This  fate  contrasts  with  other 
models  of  axonal  injury  that  induce  chromatolysis 
followed  by  partial  or  complete  recovery  and  survival 
of  neurons  (Ginsberg  and  Martin,  1998;  Martin  et  al., 
1998).  Surprisingly,  cytochrome  c  changes  occurred 
very  early  in  the  time  course  of  motor  neuron  apopto¬ 
sis  (Fig.  10).  This  early  accumulation  may  be  due  to 
enhanced  synthesis  during  metabolic  activation  rather 


than  mitochondrial  release.  The  nuclear  accumulation 
and  activation  of  p53  occurs  during  the  chromatolytic 
stage  of  retrograde  neuronal  apoptosis  at  4  to  5  days 
postlesion  is  also  a  possible  key  signal  for  the  transi¬ 
tion  of  chromatolytic  motor  neurons  into  apoptosis 
(Fig.  10).  p53  activation  early  in  the  process  of  motor 
neuron  apoptosis  is  consistent  with  the  detection  of 
DNA-SSB  in  motor  neurons  by  5  days  after  injury 
(Fig.  10).  We  suspect  that  the  formation  of  DNA-SSB 
is  an  early  preapoptotic  mechanism  of  motor  neuron 
death.  More  work  needs  to  be  done  to  identify  the 
earliest  time  when  DNA-SSB  begin  to  accumulate  in 
injured  motor  neurons  after  axonal  injury. 

Increased  levels  of  p53  result  primarily  from  in¬ 
creased  stability  of  the  protein  (Levine,  1997).  In 
unstressed  cells,  the  level  of  p53  protein  is  low.  The 
half-life  of  p53  is  short  (—5-20  min)  due  to  rapid 
degradation.  p53  protein  levels  can  be  increased  when 
the  half-life  of  the  protein  is  extended  due  to  dimin¬ 
ished  degradation.  Inhibition  of  the  26  S  proteosome 
increases  p53  levels  (Maki  et  al.,  1996).  Alternatively, 
p53  levels  can  be  increased  because  the  rate  of  initi¬ 
ation  of  p53  mRNA  translation  is  enhanced  (Levine, 
1997).  p53  exists  in  a  latent,  inactive  form  that  re¬ 
quires  modification  to  become  active.  DNA  damage 
can  activate  p53  (Levine,  1997).  Increases  in  p53 
levels  are  proportional  to  the  extent  of  DNA  damage, 
with  several  different  types  of  DNA  lesions  being 
potent  signals  for  p53  activation,  including  double- 
and  single-strand  breaks  and  adduct  formation  (Le¬ 
vine,  1997).  The  induction  and  activation  of  p53  in 
motor  neurons  undergoing  apoptosis  is  consistent 
with  our  comet  assay  analysis  showing  early  forma¬ 
tion  of  DNA-SSB  as  an  upstream  mechanism  of  neu¬ 
ronal  apoptosis. 

p53  functions  as  a  DNA  transcription  factor  (Vo- 
gelstein  and  Kinzler,  1992;  Miyashita  et  al.,  1994; 
Miyashita  and  Reed,  1995;  Levine,  1997).  The  car¬ 
boxyl  terminus  of  p53  is  important  for  controlling 
p53-DNA  binding  functions  in  response  to  single 
strands  of  DNA  (Jayaraman  and  Prives,  1995).  By  5 
days  after  avulsion,  nuclear  accumulation  of  phos- 
phorylated  p53  is  increased  markedly  in  the  ipsilateral 
ventral  horn,  indicating  that  the  p53  is  activated  func¬ 
tionally.  Promoters  that  respond  to  p53  include  genes 
encoding  proteins  associated  with  growth  control  and 
cell  cycle  checkpoints  and  apoptosis.  Bax  (Miyashita 
and  Reed,  1995)  and  redox-related  genes  (Polyak  et 
a!.,  1997)  are  transcriptional  targets  of  p53.  These 
genes  are  relevant  to  motor  neuron  degeneration  be¬ 
cause  this  neuronal  death  is  apoptosis  and  these  neu¬ 
rons  sustain  damage  to  DNA  (Martin  et  al.,  1999;  Liu 
and  Martin,  2001a). 

We  have  identified  a  direct  relationship  between 
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p53  and  Bax.  In  mice  with  functional  p53,  Bax  im- 
munoreactivity  increases  in  motor  neurons  undergo¬ 
ing  apoptosis,  but  in  p53~/~  mice  the  Bax  accumula¬ 
tion  was  attenuated  and  motor  neuron  loss  was 
blocked.  Other  in  vivo  studies  have  shown  that  loss  of 
p53  function  is  neuroprotective  in  paradigms  of  irra¬ 
diation  (Wood  and  Youle,  1995),  kainate-induced  sei¬ 
zures  (Morrison  et  al.,  1996),  focal  ischemia  (Crutn- 
rine  et  al.,  1994),  and  target  deprivation  (Martin  et  al., 
2001).  Thus,  we  document  for  the  first  time  that  p53 
mediates  injury-induced  apoptosis  of  motor  neurons 
in  vivo.  This  modulation  of  apoptosis  may  occur 
through  p53  regulation  of  the  Bax  gene.  The  accumu¬ 
lation  of  Bax  protein  after  the  initial  activation  of  p53 
is  consistent  with  this  interpretation. 

In  this  study,  we  intentionally  used  cell-based  as¬ 
says  (e.g.,  immunocytochemistry  and  single-cell  gel 
electrophoresis)  to  evaluate  changes  in  p53,  Bax,  cy¬ 
tochrome  c,  and  caspase-3,  and  to  detect  early,  low- 
level  DNA  damage.  We  purposefully  did  not  apply 
tissue  homogenate-based  assays  (e.g.,  Western  and 
Northern  blotting),  because  motor  neurons  are  rela¬ 
tively  few  in  number  compared  to  the  nonmotor  neu¬ 
ron  cellular  compartments  in  spinal  cord.  Moreover, 
we  were  interested  in  the  cytoplasmic  and  mitochon¬ 
drial  compartments  specifically  of  motor  neurons. 
Tissue  homogenates  cannot  afford  this  level  of  reso¬ 
lution.  The  small  size  of  rat  and  mouse  ventral  horn 
(compared  to  human  ventral  horn)  makes  mi- 
cropunching  very  difficult.  Furthermore,  changes  in 
p53  and  caspase-3  can  occur  in  glial  cells,  notably 
astroglia,  in  response  to  injury  (see  Fig.  2;  Martin  et 
al.,  2001).  We  also  observed  that  activated  caspase-3 
accumulates  in  the  neuropil  of  the  lesioned  L5,  but  is 
not  yet  clear  in  which  cellular  compartment  this 
change  occurs.  These  realities  make  difficult  the  ap¬ 
propriate  interpretation  of  homogenate-based  assays 
of  tissues  with  a  heterogeneous  cellular  composition. 
Therefore,  we  elected  to  evaluate  motor  neurons  on  a 
single-cell  basis. 

The  key  findings  of  this  study  are  that  apoptosis  of 
motor  neurons  in  the  adult  spinal  cord  requires  Bax 
and  p53.  These  findings  are  consistent  with  work  in 
other,  mostly  in  vitro,  models  of  neuronal  death.  De¬ 
spite  these  similarities,  our  work  is  nevertheless  novel 
and  important  because  we  used  an  adult  in  vivo  sys¬ 
tem  of  motor  neuron  apoptosis.  Furthermore,  we  have 
identified  a  cascade  of  events  leading  to  motor  neuron 
apoptosis  involving  DNA-SSB,  p53  activation,  Bax 
upregulation  and  mitochondrial  translocation,  cyto¬ 
chrome  c  release,  and  caspase-3  activation.  Consider¬ 
ing  the  vast  differences  in  neuroanatom ical  and  cel¬ 
lular  complexity,  the  identification  of  several  common 


neuronal  death  signaling  pathways  in  in  vitro  and  in 
vivo  systems  is  notably  exciting. 

This  proposed  mechanism  for  motor  neuron  apo¬ 
ptosis  in  an  animal  model  (Fig.  10)  is  particularly 
relevant  to  the  pathogenesis  of  ALS  and  to  in  vitro 
models  of  motor  neuron  death.  Motor  neuron  degen¬ 
eration  in  ALS  may  be  a  form  of  aberrantly  occurring 
apoptosis  (Martin,  1999)  that  could  be  mediated  by 
p53  (Martin,  2000)  with  DNA  damage  as  an  upstream 
pathogenic  event  (Martin,  2001).  Direct  evidence  for 
DNA-lesions  has  been  found  specifically  in  upper  and 
lower  motor  neurons  of  individuals  with  ALS  (Mar¬ 
tin,  2001);  however,  the  possible  accumulation  of 
DNA-SSB  in  ALS  motor  needs  to  be  evaluated.  We 
have  found  that  reactive  oxygen  species,  including 
peroxynitrite,  are  potent  inducers  of  DNA-SSB  in 
motor  neurons  (Liu  and  Martin,  2001a,  2001b),  and 
peroxynitrite  neurotoxicity  has  been  implicated  in 
ALS.  In  vitro  exposure  of  motor  neurons  to  direct 
oxidative  stress  induces  accumulation  of  p53  within 
the  nucleus  (Liu  and  Martin,  2001b)  and  motor  neu¬ 
ron  death  (Liu  and  Martin,  2001a).  Thus,  it  appears 
that  the  molecular  pathogenesis  of  motor  neuron  de¬ 
generation  in  our  in  vivo  and  in  vitro  models  of  motor 
neuron  disease  is  similar  enough  to  ALS  to  warrant 
further  study. 

We  are  grateful  for  the  outstanding  technical  assistance 
of  Ann  Price  and  Frank  Barksdale. 
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ABSTRACT:  A  long-term  cell  culture  system  was 
used  to  study  maturation,  aging,  and  death  of  cortical 
neurons.  Mouse  cortical  neurons  were  maintained  in 
culture  in  serum-free  medium  (Neurobasal  supple¬ 
mented  with  B27)  for  60  days  in  vitro  (DIV).  The  levels 
of  several  proteins  were  evaluated  by  immunoblotting  to 
demonstrate  that  these  neurons  matured  by  developing 
dendrites  and  synapses  and  remained  continuously 
healthy  for  60  DIV.  During  their  maturation,  cortical 
neurons  showed  increased  or  stable  protein  expression 
of  glycolytic  enzyme,  synaptophysin,  synapsin  Ila,  a  and 
p  synucleins,  and  glutamate  receptors.  Synaptogenesis 
was  prominent  during  the  first  15  days  and  then  synap¬ 
tic  markers  remained  stable  through  DIV60.  Very  early 
during  dendritic  development  at  DIV3,  ff-synuclein  (but 
not  a-synuclein)  was  localized  at  the  base  of  dendritic 
growth  cones  identified  by  MAP2  and  a-amino-3-hy- 
droxy-5-methyl-4-isoxazole  (AMPA)  receptor  GIuRl.  In 
mature  neurons,  a  and  p  synucleins  colocalized  in  pre- 
synaptic  axon  terminals.  Expression  of  /V-methyl-D-as- 
partate  (NMDA)  and  AMPA  receptors  preceded  the 


formation  of  synapses.  Glutamate  receptors  continued 
to  be  expressed  strongly  through  DIV60.  Cortical  neu¬ 
rons  aging  in  vitro  displayed  a  complex  profile  of  protein 
damage  as  identified  by  protein  nitration.  During  corti¬ 
cal  neuron  aging,  some  proteins  showed  increased  nitra¬ 
tion,  while  other  proteins  showed  decreased  nitration. 
After  exposure  to  DNA  damaging  agent,  young  (DIV5) 
and  old  (DIV60)  cortical  neurons  activated  apoptosis 
mechanisms,  including  caspase-3  cleavage  and  poly- 
(ADP)-ribose  polymerase  inactivation.  We  show  that 
cultured  mouse  cortical  neurons  can  be  maintained  for 
long  term.  Cortical  neurons  display  compartmental 
changes  in  the  localization  of  synucleins  during  matura¬ 
tion  in  vitro.  These  neurons  sustain  protein  nitration 
during  aging  and  exhibit  age-related  variations  in  the 
biochemistry  of  neuronal  apoptosis.  ©  2002  Wiley  Period- 
icals,  Inc.  J  Neurobiol  51:  9-23,  2002;  Published  online  in  Wiley  Inter- 
Science  (www.interscience.wiley.com).  DOI  10. 1002/neu.  10037 

Keywords:  Alzheimer’s  disease;  amyotrophic  lateral 
sclerosis;  apoptosis;  NMDA  receptor;  Parkinson’s  dis¬ 
ease;  synucleins 


INTRODUCTION 

The  central  nervous  system  (CNS)  is  vulnerable  to 
defects,  disease,  and  injury  throughout  development 
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and  adulthood.  Malformations  of  the  CNS  during 
development  have  major  clinical  importance  (occur¬ 
ring  in  *»5-10  per  1000  births),  causing  considerable 
mortality  and  morbidity  both  prenatally  and  postna- 
tally  (Volpe,  1995).  Both  the  immature  and  the  mature 
CNS  are  highly  vulnerable  to  toxic  and  metabolic 
insults  such  as  oxygen  and  glucose  deprivation  occur¬ 
ring  during  stroke  and  cardiac  arrest.  The  aging  CNS 
is  vulnerable  to  neurodegenerative  diseases  such  as 
Alzheimer’s  disease,  amyotrophic  lateral  sclerosis, 
Parkinson’s  disease,  and  Huntington’s  disease.  In 
many  settings  of  CNS  abnormalities,  neurons  in  the 
cerebral  cortex  are  very  sensitive.  In  the  immature  and 
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mature  brain,  neocortical  neurons  degenerate  after 
hypoxia-ischemia,  trauma,  and  seizures,  and  s.ubsets 
of  neocortical  neurons  degenerate  in  Alzheimer’s  dis¬ 
ease,  amyotrophic  lateral  sclerosis,  Parkinson’s  dis¬ 
ease,  and  Huntington’s  disease.  Despite  many  ad¬ 
vances  in  the  understanding  of  mechanisms  that  cause 
abnormalities  in  neuronal  development  and  loss  of 
neuronal  viability,  effective  restorative  and  therapeu¬ 
tic  treatments  for  most  developmental  and  for  all  of 
the  neurodegenerative  disorders  of  cortical  neurons  do 
not  exist. 

Animal  and  cell  culture  model  systems  are  used  to 
further  understand  mechanisms  of  neuronal  dysfunc¬ 
tion  and  degeneration.  These  in  vivo  or  in  vitro  sys¬ 
tems  have  particular  advantages  and  limitations.  An¬ 
imal  models  can  be  used  to  reveal  many  aspects  of 
neuronal  development  (Martin  et  al.,  1998b;  Furuta 
and  Martin,  1999)  and  neuronal  degeneration  (Martin 
etal.,  1994,  1998a,  1999,  2001;  Portera-Cailliau  et  al., 
1997a,  1997b);  however,  definitive  comprehension  of 
molecular,  biochemical,  and  structural  observations  is 
often  obscured,  due  to  the  inherent  complexity  of 
nervous  system  tissue.  The  confounders  include  coin¬ 
cident  changes  in  developing  or  injured  neurons  and 
glial  cells,  as  well  as  overlapping  changes  in  degen¬ 
erating  neurons  and  uninjured  neurons  or  injured  re¬ 
covering  neurons.  Furthermore,  cell  death  in  popula¬ 
tions  of  neurons  in  the  CNS  is  not  always  uniform. 
For  example,  an  apoptosis-necrosis  cell  death  contin¬ 
uum  has  been  identified  in  animal  models  of  excito- 
toxicity,  cerebral  ischemia,  and  axotomy  (Martin  et 
al.,  1998a).  The  neuronal  death  continuum  is  influ¬ 
enced  by  the  subtype  of  glutamate  receptor  that  is 
activated  and  brain  maturity  (Martin  et  al.,  1998a; 
Martin,  2001),  but  the  mechanisms  are  difficult  to 
pinpoint  in  vivo.  With  in  vitro  systems,  although  de¬ 
void  of  an  intact  tissue  environment,  homogeneous 
populations  of  cells  that  are  undergoing  synchronous 
and  uniform  changes  can  be  studied,  providing  the 
appropriate  system  is  used. 

A  variety  of  methods  are  available  for  culturing 
nerve  cells.  Primary  neurons  can  be  cocultured  on  a 
feeder  layer  of  glial  cells  or  cultured  in  media  that  is 
serum-supplemented  or  serum-free  (Banker  and  Gos- 
lin,  1991).  A  glial  feeder  layer  allows  neuronal  cul¬ 
tures  to  be  studied  at  relatively  low  cell  densities. 
Disadvantages  of  this  method  are  that  glial  cells  pro¬ 
liferate  in  serum-supplemented  media,  thus  requiring 
the  use  of  cytotoxic  antimitotoic  drugs  that  can  dam¬ 
age  neurons  (Wallace  and  Johnson,  1989),  and,  in 
mixed-cell  cultures,  neurons  are  not  studied  in  isola¬ 
tion,  thus  confounding  the  identification  of  neuron- 
autonomous  changes.  A  major  advance  in  neuronal 
cell  culture  occurred  with  the  introduction  of  serum- 


free  media  (Bottenstein  and  Sato,  1979).  Subse¬ 
quently,  a  serum-free  medium  was  introduced  that 
effectively  supported  primary  hippocampal  and  corti¬ 
cal  neurons  (Brewer  et  al.,  1993).  With  primary  neu¬ 
ronal  culture,  the  environment  can  be  defined  pre¬ 
cisely,  and  neurons  can  be  studied  in  isolation  from 
other  types  of  cells  that  can  modify  neuronal  re¬ 
sponses  directly  or  indirectly,  confounding  the  inter¬ 
pretation  of  observations. 

Primary  neuronal  culture  is  a  powerful  tool  for 
isolating  cellular  and  molecular  mechanisms  of  neu¬ 
ronal  development,  aging,  and  death.  However,  it  has 
not  been  a  common  practice  to  examine  the  relation¬ 
ships  between  neuronal  maturity  and  cell  injury  at 
different  stages  of  neuronal  development.  Few  labo¬ 
ratories  have  reported  routine  success  at  culturing 
primary  neurons  for  up  to  4  weeks  or  longer  (Banker 
and  Goslin,  1991;  Kuroda  et  al.,  1995;  Porter  et  al„ 
1997;  Brewer,  1997;  Aksenova  et  al.,  1999).  More¬ 
over,  a  thorough  study  that  characterizes  primary  neu¬ 
rons  maintained  in  culture  over  long  term  is  not  avail¬ 
able.  A  goal  of  this  study  was  to  develop  and 
characterize  a  primary  cortical  neuron  culture  system 
from  mouse  that  remained  viable  and  could  be  studied 
over  long  term.  We  studied  aspects  of  neuronal  mat¬ 
uration,  aging,  and  death.  We  wanted  to  demonstrate 
that  these  neurons  could  be  maintained  viably  for  up 
to  60  days  in  serum-free  medium,  because  relatively 
few  studies  exist  on  neuronal  aging  in  vitro.  These 
cultures  were  characterized  extensively  with  a  panel 
of  antibodies  to  demonstrate  their  cellular  composi¬ 
tion,  maturation,  and  viability.  The  maintained  viabil¬ 
ity  of  these  cultures  was  further  revealed  by  showing 
that  old  cortical  neurons,  like  young  neurons,  undergo 
apoptosis  in  response  to  DNA  damage  and  can  acti¬ 
vate  similar  cell  death  mechanisms,  including 
caspase-3  activation.  We  hypothesized  that  an  age- 
related  biochemical  phenotype  emerges  in  cultured 
neurons.  We  found  that  protein  nitration  is  an  age- 
related  phenotype  in  neuronal  culture.  This  neuronal 
culture  will  be  useful  for  delineating  cellular  and 
molecular  mechanisms  of  neuronal  development,  ag¬ 
ing,  and  death. 


MATERIALS  AND  METHODS 
Mouse  Cortical  Neuron  Culture 

Embryonic  day  16  mice  were  harvested  by  cesarean  section 
from  anesthetized  pregnant  dams  (C57/B6  strain;  Charles 
River).  The  animal  protocol  was  approved  by  the  Animal 
Care  and  Use  Committee  of  the  Johns  Hopkins  University 
School  of  Medicine.  Cerebral  cortices  were  isolated  and 
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dissociated  by  10%  (v/v)  trypsin  (Life  Technologies,  Be- 
thesda,  MD)  digestion  and  trituration  with  a  fire-polished 
Pasteur  pipette.  High  density  cultures  (106  cells,  --1000 
cells/mm2),  plated  onto  35  mm  tissue  culture  dishes,  were 
used  for  Western  blot  analyses,  and  lower  density  cultures 
(2  X  105  cells,  c-630  cells/mm2),  plated  onto  glass  cover- 
slips  introduced  into  20  mm  tissue  culture  dishes,  were  used 
for  immunocytochemical  studies.  Tissue  culture  dishes  were 
coated  with  33  /xg/mL  poly-D-lysine.  The  cells  were  plated 
in  Neurobasal  medium  (Life  Technologies)  supplemented 
with  B27  (Life  Technologies),  300  /xM  glutamine  (Life 
Technologies),  25  /xM  /3-mercaptoethanol,  and  streptomy¬ 
cin/amphotericin  B  (Life  Technologies).  Three  days  after 
plating,  50%  of  the  medium  was  changed  and  subsequently 
the  medium  was  changed  every  6  days.  Neuronal  cultures 
were  maintained  for  up  to  60  days  in  vitro  (DIV60). 

Immunoblotting 

Total  protein  extracts  from  cortical  neuron  cultures  (three 
wells  for  each  maturational  time  point)  were  lysed  in  TNE 
buffer  ( 1 0  mM  Tris-HCL,  pH  7.4, 1 50  m M  NaCl,  and  5  mM 
EDTA)  containing  protease  inhibitors  (1  mM  PMSF,  10 
/xg/mL  leupeptin,  and  10  /xg/mL  pepstatin  A)  and  deter¬ 
gents  (2%  SDS,  1%  deoxycholate,  and  1%  NP-40),  and 
sonicated  for  15  s.  Protein  concentrations  of  each  homoge¬ 
nate  were  determined  by  protein  assay  (Pierce,  Rockford, 
IL).  Homogenates  were  diluted  further  in  Laemmli  sample 
buffer. 

Protein  (20  /xg)  from  neuronal  cultures  were  resolved  on 
gradient  SDS  polyacrylamide  gels  (4-20%)  and  transferred 
to  nitrocellulose  membranes  by  electroblotting.  Nitrocellu¬ 
lose  membranes  were  preincubated  in  5%  nonfat  dry  milk 
(w/v)  in  phosphate-buffered  saline  (PBS).  After  overnight 
incubation  with  the  primary  antibodies  in  5%  nonfat  dry 
milk  and  0.05%  (v/v)  Tween-20  prepared  in  PBS,  mem¬ 
branes  were  rinsed  and  then  incubated  with  peroxidase- 
conjugated  secondary  antibody,  and  immunoreactive  pro¬ 
teins  were  visualized  with  enhanced  chemiluminescence 
(Amersham). 

A  panel  of  antibodies  was  used  to  characterize  this 
neuronal  culture  system  by  immunoblotting.  The  maturation 
of  cortical  neuron  cultures  was  evaluated  by  expression  of 
the  glycolytic  enzyme  glyceraldehyde  phosphate  dehydro¬ 
genase  (GAPDH),  structural  protein  /3-tubulin,  synaptic 
proteins,  and  subtypes  of  glutamate  receptors.  The  neuronal 
nuclear  protein  NeuN  revealed  the  relative  amount  of  neu¬ 
rons  at  different  DIVs.  The  level  of  NeuN  is  an  accurate 
estimate  of  neuronal  number  in  human  CNS  regions  (Mar¬ 
tin,  2000,  2001)  and  in  experimental  lesions  in  animals 
(Martin  et  al.,  unpublished  observations).  The  level  of  glial 
fibrillary  acidic  protein  (GFAP)  was  used  to  evaluate  the 
presence  of  astrocytes  in  this  cell  culture  system.  Oxidative 
stress  is  believed  to  be  a  mechanism  for  cellular  aging  and 
disease  (Haiti well  and  Gutteridge,  1986).  As  a  biomarker 
for  cellular  aging,  we  evaluated  peoxynitrite  (ONOO-  )- 
mediated  nitration  of  proteins.  Antibodies  against  GAPDH 
(Research  Diagnostics),  /3-tubulin  (Amersham),  NeuN 


(Chemicon),  a-synuclein  (Transduction  Laboratories), 
NMDAR1  (Pharmingen),  synaptophysin  SY38  (Boehr- 
inger),  and  synapsin  Ila  (Transduction  Laboratories)  were 
mouse  monoclonal.  Antibodies  against  /3-synuclein  (Onco¬ 
gene,  MA),  AMPA  receptor  GluR2/GluR3  (Martin  et  al., 
1993),  nitrotyrosine  (Upstate  Biotechnology),  and  GFAP 
(Dako)  were  rabbit  polyclonal. 

Immunolocalization  in  Cortical  Neuron 
Cultures 

The  general  method  described  by  Liao  and  coworkers 
(1999)  was  followed.  Cells  were  fixed  at  DIV3,  DIV5,  or 
DIV20  in  4%  paraformaldehyde/4%  sucrose  in  PBS  (4°C, 
20  min)  and  then  with  methanol  (4°C,  10  min),  and  then 
permeabilized  in  0.2%  Triton  X-100  and  10%  NGS  in  PBS 
(4°C,  10  min),  and  incubated  overnight  at  4°C  in  10%  NGS 
in  PBS  with  primary  antibody  (1:1000).  The  following 
antibodies  were  used  for  immunolocalization:  mouse  mono¬ 
clonal  antibody  against  a-synuclein  (Transduction  Labora¬ 
tories,  KY)  and  MAP2  (Boehrjnger  Mannheim  Bio- 
chemica),  and  polyclonal  antibody  against  /3-synuclein 
(Oncogene),  synaptophysin  (Dako,  Denmark),  and  AMPA 
receptor  GluRl  (Martin  et  al.,  1998b).  To  identify  the  com- 
partmental  localizations  of  synucleins,  dendritic  growth 
cone  markers  were  MAP2  and  GluRl,  and  a  presynaptic 
marker  was  synaptophysin.  The  following  secondary  anti¬ 
bodies  were  used:  Cy™3-conjugated  goat  antimouse  IgG 
(Jackson  ImmunoResearch  Laboratories)  and  Alexa  Flu- 
or™-conjugated  goat  antirabbit  or  goat  anti-guinea  pig 
(Molecular  Probes)  diluted  at  1:600  in  PBS.  Digital  images 
were  captured  with  a  Zeiss  Axiovert/Quantix  CCD  camera. 

Electron  Microscopy  (EM)  of  Cortical 
Neuron  Cultures 

Neuronal  cultures  at  DIV5  and  DIV25  were  evaluated  by 
EM  for  ultrastructure.  Media  was  removed  and  the  neuronal 
cultures  were  washed  briefly  with  PBS  and  then  the  cells 
were  fixed  with  1%  glutaraldehyde  in  PBS  for  1  h.  The 
neuronal  cultures  were  processed  for  conventional  EM  di¬ 
rectly  in  culture  plates.  Plastic  embedded  neurons  were 
removed  from  the  culture  plates  as  large  blocks  that  were 
cut  into  pieces,  trimmed,  and  sectioned  for  EM. 

DNA  Damage-Induced  Apoptosis  in 
Cortical  Neuron  Cultures 

Exposure  of  neurons  in  vitro  to  camptothecin  (CPT),  an 
inhibitor  of  topoisomerase-I  (Hsiang  et  al.,  1985;  Bendixen 
et  a!.,  1990),  can  induce  apoptosis  (Morris  and  Geller, 
1996).  CPT  (Sigma,  St.  Louis,  MO)  was  dissolved  in  dou¬ 
ble-distilled  water  supplemented  with  sodium  hydroxide 
and  heated  at  55°C  for  30  min  to  dissolve  the  drug  com¬ 
pletely  at  a  final  concentration  of  50  mM.  CPT  was  further 
diluted  in  Neurobasal  medium.  At  DIV5  and  D1V60,  mouse 
cortical  neurons  were  treated  for  24  h  with  100  /xM  CPT.  To 
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identify  apoptosis  after  exposure  to  CPT,  neurons  were 
harvested  for  immunobiot  analysis  of  protein  extracts  using 
rabbit  polyclonal  antibodies  to  cleaved  caspase-3  (Cell  Sig¬ 
naling)  and  poly-ADP  ribose  polymerase  (Calbiochem, 
CA),  or  neurons  were  fixed  and  stained  with  Hoechst  33258 
to  assess  nuclear  morphology. 

RESULTS 

Morphological  and  Protein  Expression 
Characterization  of  Mouse  Cortical 
Neuron  Cultures 

Mouse  cortical  neurons  were  cultured  over  long  term. 
Long-term  mouse  cortical  neuron  cultures  were  only 
possible  when  neurons  were  plated  at  high  density. 
The  cultures  were  characterized  morphologically  and 
biochemically.  Under  phase  contrast  microscopy,  cor¬ 
tical  neurons  at  DIV5  extended  prominent  neurites 
[Fig.  1(A)].  Many  of  these  neurites  were  dendritic 
growth  cones,  identified  ultrastructurally  by  the  prom¬ 
inent  polyribosomes  and  the  tubulovesicular  cisterns 
[Fig.  1(D,E)].  Few  synapses  were  mature  at  DIV5, 
consistent  with  protein  expression  data  for  synaptic 
markers  (Fig.  2),  but  many  nascent  synaptic  junctions 
were  present  [Fig.  1(E)].  At  “-DIV20-25,  cortical 
neurons  [Fig.  1(B)]  had  large,  pyramidal-like  cell 
bodies  (=  15-25  /am).  These  neurons  were  embedded 
within  an  elaborate  plexus  of  axons,  dendrites,  and 
synapses  [Fig.  1(B,E,F)].  Immunoblotting  for  den¬ 
dritic  and  synaptic  proteins  verified  their  enrichment 
(Fig.. 2).  EM  showed  that  the  nuclear  morphology  of 
the  neurons  at  DIV5  and  DIV20-25  was  notably 
similar,  suggesting  a  uniform  population  of  cells  [Fig. 
1(D)].  At  DIV60,  the  structural  viability  of  the  neu¬ 
rons  was  still  very  well  maintained  as  shown  by  phase 
contrast  microscopy  [Fig.  1(C)].  However,  it  was  ap¬ 
parent  from  phase  contrast  microscopy  that  only  a 
subset  of  the  original'  population  of  neurons  was  alive 
at  DIV60  [compare  Fig.  1(A)  and  (C)].  Estimates  of 
cell  counts  in  representative  phase  contrast  photo¬ 
graphs  revealed  that  =40-50%  of  the  original  popu¬ 
lation  of  cells  at  DIV5  was  surviving  at  DIV60.  These 
remaining  neurons  were  healthy,  as  confirmed  by 
protein  expression  analysis  (Fig.  2). 

Evaluating  the  protein  expression  of  the  glycolytic 
enzyme  GAPDH,  structural  and  synaptic  proteins,  and 
glutamate  receptors  (Fig.  2)  demonstrated  the  molec¬ 
ular  viability  of  cortical  neurons  in  culture.  Extracts  of 
total  protein  from  mouse  cortical  cultures  at  DIV5, 10, 
15,  20,  25,  30,  40,  and  60  were  analyzed  by  immu¬ 
noblotting.  The  level  of  GAPDH,  used  as  a  metabolic 
marker,  was  maximum  (3-4-fold)  around  DIV25  and 
remained  unchanged  through  DIV60.  The  level  of  the 


Figure  1  Mouse  cortical  neurons  mature  and  remain  via¬ 
ble  over  long  term  in  culture.  Light  and  electron  microscopy 
reveals  the  dramatic  elaboration  of  the  dendritic/axonal 
plexus  of  cortical  neurons  in  culture  between  DIV5  (A,  D, 
E)  and  DIV25  (B,  F),  with  maintenance  of  the  in  vitro 
neuropil  compartment  through  DIV60  (C).  At  DIV5,  many 
growth  cones  are  present,  some  of  which  have  nascent 
synaptic  junctions  [(D,  E),  arrows].  By  DIV25  the  den- 
drosynaptic  architecture  is  extensively  developed  [(F),  ar¬ 
rows],  Because  of  the  similarities  in  synaptic  marker  and 
cytoskeletal  protein  expression  in  cortical  neuron  cultures 
from  DIV25  through  DIV60  (see  Figure  2),  EM  was  not 
done  on  DIV60  cultures. 

structural  protein  [3-tubulin  remained  constant  from 
DIV5  to  DIV60.  Interestingly,  early  in  culture 
(DIV5),  the  levels  of  the  three  neuronal  nuclear  pro¬ 
teins  detected  with  the  NeuN  antibody  were  low  (Fig. 
2).  NeuN  levels  were  greater  at  DIVIO.  The  levels  of 
NeuN  remained  relatively  stable  through  DIV40,  but 
by  DIV60  NeuN  levels  declined,  consistent  with  a 
loss  of  a  subset  of  neurons. 

Expression  of  synaptic  proteins  (synaptophysin,  a- 
and  /3-synuclein)  was  very  low  at  DIV5  (i.e.,  faintly 
detectable  only  after  prolonged  exposure  to  film;  data 
not  shown).  This  Western  blot  finding  is  consistent 
with  the  EM  analysis  showing  few  synapses  [Fig. 
1(D,E)].  By  DIVIO,  the  expression  of  these  synaptic 
proteins  was  increased,  detectable  with  short  exposure 
(Fig.  2).  Synaptophysin  and  a-  and  /3-synuclein 
reached  highest  levels  (>l0-fold)  at  about  DIV 15-20 
and  DIV25,  respectively.  Synapsin  Ila  protein  was 
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Figure  2  Molecular  maturation  and  aging  of  mouse  cor¬ 
tical  neurons  in  culture.  The  maturation  and  sustained  via¬ 
bility  of  this  long-term  neuronal  culture  system  were  eval¬ 
uated  by  the  expression  of  glycolytic  protein  GAPDH, 
structural  protein  /3-tubulin,  neuronal  nucleus  protein  NeuN, 
synaptic  proteins  (synaptophysin,  synapsin  Ha,  and  a//3- 
synucleins),  and  glutamate  receptors  (NR1  and  GluR2/3). 
Astroglial  contamination  was  assessed  by  GFAP  levels.  To 
identify  an  age-related  biochemical  phenotype,  protein  ni¬ 
tration  was  evaluated.  For  the  nitrotyrosine  blot,  molecular 
weight  standards  are  shown  at  left.  Selected  immunoreac- 
tive  protein  bands  are  identified  (arrows  at  right).  Total 
proteins  were  extracted  from  neuronal  cultures  at  DIV5,  10, 
15,  20,  25,  30,  40,  and  60.  Samples  (20  /xg  protein)  were 
fractionated  on  gradient  SDS-PAGE  (4-20%  gels),  trans¬ 
ferred  to  nitrocellulose  membranes,  and  then  probed  suc¬ 
cessively  or  in  combination  with  specific  monoclonal  or 
polyclonal  antibodies  (see  Materials  and  Methods).  These 
results  were  replicated  in  three  independent  experiments. 


expressed  at  appreciable  levels  only  between  DIV15- 
20,  reaching  highest  levels  at  «DIV30,  and  then 
remaining  unchanged  through  DIV60. 

The  NMDA  receptor  subunit  NR1  and  the 
AMPA  receptor  subunits  GluR2/GluR3  were  al¬ 
ready  expressed  by  DIV5,  thus  preceding  the  syn¬ 
aptic  markers  (Fig.  2).  Glutamate  receptor  levels 
increased  to  a  maximum  by  DIV10-15  (>5-fold) 
and  then  remained  unchanged  through  DIV60.  The 
high  level  of  expression  of  metabolic  enzyme, 
structural  protein,  synaptic  proteins,  and  glutamate 
receptors  demonstrates  that  these  mouse  cortical 
neurons  remain  viable  and  maintain  structural  in¬ 
tegrity  through  60  days  in  culture.  These  findings 
are  consistent  with  the  morphological  evaluations 
(Fig.  1).  These  experiments  show  that  these  mouse 
cortical  neurons  mature,  establish  synapses,  and 
remain  viable  over  long  term  in  culture. 


Non-neuronal  cell  contamination  of  this  neuronal 
culture  system  was  evaluated.  Previous  studies  have 
reported  that  astroglia  comprise  <0.5%  of  the  cell 
population  of  neurons  grown  in  Neurobasal-B27 
(Brewer  et  al.,  1993).  Interestingly,  by  immunoblot- 
ting,  GFAP  was  not  detected  in  our  mouse  cortical 
neuron  cultures  until  DIV20  (Fig.  2).  Levels  of  GFAP 
remained  relatively  constant  from  DIV20  through 
DIV60  (Fig.  2). 

We  tested  the  hypothesis  that  an  accumulation  of 
protein  damage  is  an  age-related  phenotype  in  aging 
cortical  neuron  cultures.  Protein  nitration  was  evalu¬ 
ated  in  total  protein  extracts  of  neurons  from  DIV5  to 
DIV60.  A  protein  band  at  --55  kD  showed  particu¬ 
larly  prominent  nitration  in  cortical  cultures,  but  the 
intensity  of  this  band  was  relatively  invariant  at  dif¬ 
ferent  ages  (Fig.  2).  Other  protein  bands  at  about 
60-80  kD  showed  selective  increases  or  decreases  in 
nitration  as  identified  by  nitrotyrosine  immunoreac- 
tivity  (Fig.  2,  lower  panel  arrows). 


Immunocytochemical  Characterization 
of  Cortical  Neuron  Cultures 

Immunostaining  for  MAP2  is  widely  used  to  identify 
neurons  in  culture  (Banker  and  Goslin,  1991).  MAP2 
immunopositive  cells  were  prevalent  in  this  cortical 
neuron  culture  system  [Fig.  3(A)],  verifying  the  pre¬ 
dominance  of  neurons  in  this  cell  culture.  In  immature 
neurons,  MAP2  immunoreactivity  marked  dendritic 
growth  cones  of  neurons  [Fig.  3(A,B,D)],  consistent 
with  previous  reports  (Banker  and  Goslin,  1991).  The 
GluRl  AMPA  receptor  also  marks  dendritic  growth 
cones,  as  shown  in  developing  rat  forebrain  by  im- 
muno-EM  (Martin  et  al.,  1998b).  In  mouse  cortical 
neuron  cultures,  GluRl  was  also  present  in  dendritic 
growth  cones  [Fig.  3(E)]. 

Little  information  is  available  on  the  develop¬ 
mental  expression  and  localization  of  synucleins  in 
neurons,  despite  a  possible  role  for  synucleins  in 
the  pathogenesis  of  Parkinson’s  disease  and  Alz¬ 
heimer’s  disease  and  in  neuronal  cell  death  (Hsu  et 
al.,  1998;  Ostrerova  et  al.,  1999).  Therefore,  the 
immunostaining  patterns  of  synucleins  were  exam¬ 
ined  in  cortical  neuron  cultures.  In  very  immature 
neurons  (at  DIV3),  /3-synuclein  was  localized  at 
dendritic  growth  cones  (Fig.  3).  Specifically, 
/3-synuclein  was  present  at  the  base  of  dendritic 
growth  cones  [Fig.  3(B-E)].  As  dendrites  grew  in 
length  and  as  presynaptic  axon-dendrite  interac¬ 
tions  were  established  (between  DIV5  and  DIVIO), 
growth  cones  became  less  prominent,  and  /3-synuclein 
immunostaining  of  these  structures  dissipated  [Fig. 
4(A,B)|. 
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Figure  3  /3-synuclein  is  present  at  the  base  of  dendritic  growth  cones  in  DIV3  mouse  cortical 
neuron  cultures.  (A)  Double  labeling  of  mouse  cortical  neurons  (at  25X  magnification)  for  MAP2 
(red)  and  /3-synuclein  (green).  Beta-synuclein  is  targeted  to  specific  dendritic  domains  (white 
arrows).  Some  dendrosomal  domains  coexpress  MAP2  (sites  of  colocalization  of  MAP2  and 
/3-synuclein  immunoreactivities  are  yellow),  while  other  dendritic  regions  have  adjacent  but  non¬ 
overlapping  sites  where  MAP2  and  /3-synuclein  are  present.  (B)  A  DIV3  cortical  neuron  [40X 
magnification,  same  cell  is  illustrated  in  (C)  and  (D)]  showing  the  localization  of  MAP2  (red)  and 
/3-synuclein  (green)  and  the  presence  of  /3-synuclein  at  the  base  of  dendritic  growth  cones  (arrows). 
In  the  cell  body  and  in  some  dendritic  regions  MAP2  and  /3-synuclein  colocalize  (yellow).  (C) 
Neuron  [shown  in  (B)]  observed  under  the  filter  for  /3-synuclein  staining  only.  Beta-synuclein  has 
a  prominent  somatodendritic  localization  and  is  present  within  dendritic  growth  cones.  (D)  Neuron 
[shown  in  (B)]  observed  under  the  filter  for  MAP2  staining  only.  Sites  of  low  MAP2  staining  in 
dendritic  growth  correspond  to  locations  of  intense  /3-synuclein  localization  [see  (C),  arrows].  (E) 
Localization  of  AMPA  receptor  GluRl  (red)  and  /3-synuclein  (green)  in  dendritic  growth  cones. 
Beta-synuclein  (white  arrows  pointing  to  green  staining)  is  at  the  base  of  growth  cones,  whereas 
GluRl  is  localized  distally  in  the  growth  cone.  In  the  cell  body  and  in  some  dendritic  regions  GluR  1 
and  /3-synuclein  colocalize  (yellow). 


Beta-synuclein  underwent  prominent  changes  in 
neuronal  compartment  localization  during  cortical 
neuron  maturation.  The  localization  of  /3-synuclein 


showed  differential  dendritic  targeting  in  cortical  neu¬ 
rons  that  was  maturation-related.  Immunolocalization 
revealed  that  /3-synuclein  is  targeted  to  dendrites  of 
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Figure  4  Maturation-related  targeting  of  synuclein  to  different  neuronal  compartments  as  shown 
by  immunolocalization  of  a/  /3-sy nucleins,  MAP2,  and  synaptophysin  in  immature  (DIV3)  and 
mature  (DIV20)  cortical  neuron  cultures.  (A,  B)  In  immature  neurons  (A)  /3-synuclein  (white 
arrows,  green  staining)  is  localized  in  the  cell  body  and  dendrites,  identified  by  MAP2  staining  (red). 
In  mature  neurons  (B),  MAP2  is  localized  throughout  the  cell  body  and  dendrites  (red),  while 
/3-synuclein  has  cell  body  (green)  and  presynaptic  axon  terminal  [(B),  fine  green  dots]  localizations. 
(C,  D)  In  immature  neurons  (C),  a-synuclein  is  expressed  in  neuronal  cell  bodies  (red),  but  not  in 
axons  identified  by  synaptophysin  (white  arrow,  green  staining).  In  mature  neurons  (D),  a-synuclein 
(green)  has  a  prominent  presence  in  presynaptic  axon  terminals  (fine  green  dots)  that  have  a  similar 
appearance  and  distribution  as  synaptophysin  staining  (red).  These  terminals,  many  of  which  show 
colocalization  of  a-synuclein  and  synaptophysin  (white  arrows,  yellow  staining),  decorate  the 
surfaces  of  unstained  dendrites  and  the  surface  of  the  cell  body  (part  of  this  cell  is  enlarged  as  Figure 
5).  (E,  F)  In  immature  neurons  (E),  a-synuclein  is  concentrated  in  neuronal  cell  bodies  (red),  and 
a/  /3-synudeins  colocalize  (yellow)  in  subsets  of  neuronal  cell  bodies,  but  only  /3-synuclein  is  found 
in  growing  dendrites  (white  arrows,  green  staining).  In  mature  neurons  (F),  a//3-synucleins  colo¬ 
calize  (yellow)  in  subsets  of  neurons  and  in  numerous  presynaptic  axon  terminals  (white  arrows,  fine 
yellow  dots). 
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Figure  5  Presynaptic  localization  of  a-synuclein  in  mature  cortical  neurons.  In  DIV20  cortical 
cultures,  some  large  pyramidal  neurons  expressing  synaptophysin  (red)  are  enmeshed  in  a  field  of 
axons  and  synapses  that  stain  for  synaptophysin  (red)  and  a-synuclein  (green).  The  dendrites  of  this 
neuron  are  not  stained  for  synaptophysin  or  a-synuclein  but  their  surfaces  are  decorated  with 
axodendritic  boutons  (red,  synaptophysin;  green,  a-synuclein),  with  a  subset  that  colocalizes 
synaptophysin  and  a-synuclein  (white  arrows,  yellow  staining).  Axosomatic  boutons  en  passage 
also  colocalize  synaptophysin  and  a-synuclein  (white  arrows,  yellow  staining). 


immature  neurons  but  not  to  dendrites  of  mature  neu¬ 
rons  [Fig.  4(A,B)].  Specifically,  in  DIV3  neurons 
/3-synuclein  was  often  observed  in  MAP2-positive 
dendrites,  but  in  DIV20  neurons  colocalization  of 
/3-synuclein  and  MAP2  was  observed  rarely  [Fig. 
4(A,B)].  Instead,  in  mature  cortical  neuron  cultures, 
/3-synuclein  was  found  in  axon  terminals  [Fig. 
4(B,F)]. 

In  immature  cortical  neurons,  a-synuclein  was  not 
prominently  found  in  dendrites,  but  was  more  appar¬ 
ent  in  neuronal  cell  bodies  [Fig.  4(C)],  As  cortical 
neurons  matured  and  formed  synapses,  a-synuclein 
became  localized  in  presynaptic  axon  terminals,  as 
evidenced  by  the  colocalization  with  synaptophysin 
[Figs.  4(D)  and  5].  At  DIV20,  large  synaptophysin- 
positive,  pyramidal  cortical  neurons  were  embedded 
in  a  network  of  axons  and  synapses  [Figs.  4(D)  and  5]. 
The  surfaces  of  these  pyramidal  neurons  were  deco¬ 
rated  with  axodendritic  and  axosomatic  synapses  (Fig. 
5,  red  synaptophysin,  green  a-synuclein),  and  some  of 
these  presynaptic  terminals  showed  colocalization  of 
synaptophysin  and  a-synuclein  (Fig.  5,  yellow  iden¬ 
tified  by  white  arrows).  In  mature  cortical  neurons,  a- 
and  /3-synuclein  colocalized  in  axon  terminals  [Fig. 
4(F)]  but  not  in  growing  dendrites  of  immature  neu¬ 
rons  [Fig.  4(E)]. 


Old  and  Young  Cortical  Neurons 
Activate  Apoptotic  Mechanisms  in 
Response  to  DNA  Damage 

As  an  indirect  assessment  of  the  viability  of  remaining 
cortical  neurons,  they  were  exposed  to  a  chemical 
stressor  to  induce  cell  death.  We  examined  whether 
DIV60  neurons  undergo  apoptosis  or  necrosis  (or  are 
insensitive  to  chemical  stressor)  compared  to  DIV5 
neurons.  Hoechst  33258  was  used  to  assess  nuclear 
morphology  in  control  and  poisoned  cells.  The 
Hoechst  33258  staining  pattern  in  control  cells  was 
uniform  [Fig.  6(A)],  supporting  the  EM  observations 
that  suggested  a  uniform  population  of  cells.  Expo¬ 
sure  of  neurons  to  CPT  (100  pM  for  24  h),  an  inhib¬ 
itor  of  topoisomerase-I  that  causes  DNA  damage 
(Hsiang  et  al.,  1985;  Bendixen  et  al.,  1990),  induced 
morphologically  confirmed  apoptosis  of  cortical  neu¬ 
rons  [Fig.  6(B)],  consistent  with  the  original  report 
(Morris  and  Geller,  1996).  DIV5  and  DIV60  mouse 
cortical  neurons  were  exposed  to  CPT,  and  protein 
extracts  were  examined  for  caspase-3  activation  and 
PARP  cleavage.  PARP  cleavage  was  used  as  a  func¬ 
tional  assay  for  apoptosis  in  young  and  old  neurons, 
because  PARP  cleavage  is  an  indicator  of  caspase-3 
activation  (Lazebnik  et  al.,  1994).  After  insulting  the 
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Figure  6  DNA  damage  induces  apoptosis  in  young  and  old  cortical  neuron  cultures.  (A)  Control 
cortical  neurons  at  DIV5  stained  with  Hoechst  33258  showing  a  uniform  normal  nuclear  morphol¬ 
ogy.  (B)  Hoechst  33258  staining  of  DIV5  neurons  undergoing  apoptosis  (arrowheads)  induced  by 
CPT.  The  nuclear  condensation  and  formation  of  round  blue-staining  masses  are  indicative  of 
apoptosis.  The  apoptosis  was  relatively  homogeneous  and  synchronous.  (C)  Immature  (DIV5)  and 
old  (DIV60)  neurons  were  exposed  to  an  apoptotic  stimulus  (DNA  damage  by  CPT),  and  PARP 
degradation  and  caspase-3  cleavage  were  used  to  assess  activation  of  apoptosis  mechanisms.  Total 
proteins  were  extracted  from  DIV5  and  DIV60  neuronal  cultures  that  were  untreated  (control,  C)  or 
treated  with  CPT  for  24  h.  Samples  (20  p.g  protein)  were  fractionated  on  gradient  SDS-PAGE 
(4-12%  gels),  transferred  to  nitrocellulose  membranes,  and  then  probed  with  antibodies  to  PARP 
and  cleaved  caspase-3.  Both  DIV5  and  DIV60  neurons  that  were  exposed  to  CPT  showed  inacti¬ 
vation  of  PARP  and  activation  of  caspase-3.  The  caspase-3  cleavage  was  stronger  in  immature 
neurons.  Exposure  of  DIV5  blot  was  shorter  than  exposure  of  DIV60  blot. 


cells,  both  DIV5  and  DIV60  neurons  showed  bio¬ 
chemical  evidence  for  apoptosis,  as  indicated  by  the 
increase  in  cleaved  caspase-3  and  accumulation  of 
inactivation  cleavage  products  of  PARP  [Fig.  6(C)], 

DISCUSSION 

A  goal  of  this  study  was  to  develop  and  characterize 
a  primary  cortical  neuron  culture  system  from  mouse 
that  remains  viable  and  can  be  studied  over  long  term. 


This  work  was  done  because  studies  of  primary  neu¬ 
ron  cultures  at  DIV25-30  and  beyond  are  infrequent 
(Banker  and  Goslin,  1991;  Brewer  et  al.,  1993;  Ku- 
roda  et  ah,  1995;  Brewer,  1997;  Porter  et  ah,  1997; 
Aksenova  et  ah,  1999).  Furthermore,  studies  demon¬ 
strating  a  thorough  characterization  of  primary  neu¬ 
rons  maintained  in  culture  over  long  term  are  not 
available.  In  addition,  it  is  uncommon  to  examine  the 
effects  of  cell  injury  on  neurons  at  different  stages  of 
maturity.  It  is  important  to  study  neuronal  cultures 
over  long  term  to  provide  insight  into  cell-autono- 
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mous  mechanisms  of  neuronal  aging  and  death  and  to 
identify  differential  mechanisms  regulating  neuronal 
cell  death  forms  that  are  found  in  developing  and 
adult  CNS  (Martin,  2001). 

This  study  documents  the  feasibility  and  useful¬ 
ness  of  a  long-term  culture  of  mouse  cortical  neurons. 
This  cell  system  was  characterized  thoroughly  using 
morphological  and  immunoblotting  methods.  The 
neuronal  composition  as  well  as  the  maturation  and 
viability  of  these  neurons  for  up  to  DIV60  were 
shown  by  phase  contrast  microscopy,  EM,  and  immu- 
nocytochemistry  for  MAP2,  synaptophysin,  and 
synuclein.  These  neurons  grow  very  well,  as  evi¬ 
denced  by  the  dendritic  maturation  and  synaptogen- 
esis.  A  comparison  of  our  morphological  results  with 
other  studies  is  difficult  because  most  of  the  published 
phase  contrast  images  are  from  hippocampal  neuron 
cultures  instead  of  cortical  neuron  cultures.  Our  struc¬ 
tural  findings  were  supported  by  Western  blot  analy¬ 
ses  demonstrating  the  developmental  profiles  for  syn¬ 
apse  markers  and  glutamate  receptors.  These  markers 
are  often  studied  in  hippocampal  neuron  culture  but 
not  often  in  cortical  neuron  culture.  The  expression  of 
the  glycolytic  enzyme  GAPDH  and  the  structural 
protein  /3-tubulin  confirmed  the  sustained  viability  of 
these  neurons.  However,  based  on  phase  contrast  mi¬ 
croscopy  and  NeuN  levels,  it  seems  that  only  a  subset 
of  the  original  population  of  neurons  survives  through 
DIV60.  This  is  an  important  distinction  between 
DIV20-25  neurons  and  DIV60  neurons.  Older  cul¬ 
tures  have  fewer  neurons  than  younger  mature  cul¬ 
tures.  Thus,  there  is  spontaneous  age-related  loss  of 
neurorts  in  this  system.  The  maintained  levels  of 
GAPDH  and  the  structural  protein  /3-tubulin  reveal 
that  the  metabolic  and  structural  integrity  of  surviving 
cortical  neurons  is  preserved  through  DIV60. 

The  precise  extent  of  cellular  homogeneity  of  this 
neuronal  culture  is  not  yet  fully  ascertained,  but  it  is 
predominantly  neuronal.  There  is,  however,  a  low 
level  of  astroglial  contamination  based  on  GFAP  im- 
munoblots.  Morphological  data  derived  from  phase 
contrast  microscopy,  EM,  and  immunocytochemistry 
show  the  predominance  of  neurons.  These  neurons 
can  assume  pyramidal  neuron  morphology,  but  den¬ 
dritic  spines  are  not  prominent  as  in  the  in  vivo  state. 
The  nuclear  morphology  in  normal  cells  stained  with 
Hoechst  dye  is  very  similar  in  the  cell  population,  and, 
after  an  apoptotic  stimulus,  the  cells  undergo  apopto¬ 
sis  synchronously  with  a  similar  morphology.  Both  of 
these  observations  indicate  a  homogeneous  popula¬ 
tion  of  cells.  However,  although  these  cell  cultures  are 
mostly  neurons,  different  types  of  neurons  (pyramidal 
vs.  interneurons)  could  be  present,  but  GABAergic 


interneurons  comprise  <5%  of  the  neurons  in  rat 
cortical  cultures  (De  Lima  and  Voigt,  1997). 

Methodological  Considerations 

A  variety  of  methods  are  available  for  culturing  nerve 
cells.  Primary  neurons  can  be  cocultured  on  a  glial 
feeder  layer  with  serum  (Banker  and  Goslin,  1991). 
Glial  cells  support  neurons  in  culture  (Banker,  1980; 
Unsicker  et  ah,  1987)  through  humoral  factors  re¬ 
leased  into  the  culture  medium  and  contact-dependent 
interactions  (Manthorpe  et  ah,  1988).  Glial  condi¬ 
tioned  medium  can  modify  gene  expression  in  rat 
hippocampal  neuron  culture,  thus  glial  conditioned 
medium  may  also  affect  neuronal  activity  (Lesuisse  et 
ah,  2000).  Astroglia  protect  neurons  in  culture  from 
toxicity  (Ye  and  Sontheimer,  1998).  Astroglia  ac¬ 
tively  uptake  glutamate,  which  is  transformed  enzy¬ 
matically,  by  glutamine  synthetase,  to  glutamine 
(Hertz  et  ah,  1983;  Schousboe  et  ah,  1977).  Glu¬ 
tamine  is  an  important  precursor  for  nucleic  acids  and 
proteins  and  is  critical  for  cellular  proliferation. 

Primary  neurons  can  be  cultured  also  without  a 
glial  feeder  layer  but  in  media  that  is  serum-supple¬ 
mented  (Banker  and  Goslin,  1991 ).  To  block  potential 
excitotoxic  effects  of  glutamate  in  the  absence  of 
astroglia  and  to  maintain  primary  hippocampal  neu¬ 
rons  for  3-4  weeks,  NMDA  and  AMPA  receptors  can 
be  blocked  by  supplementing  culture  medium  with 
DL-2-amino-5-phosphonovaleric  acid  and  6-cyano-7- 
nitroquinoxaline-2,3-dione  (Liao  et  ah,  1999).  Other 
investigators  use  culture  medium  supplemented  with 
fibroblast  growth  factor  to  keep  primary  neurons  alive 
for  over  7  days  in  culture  (Ray  et  ah,  1993).  Glial 
feeder  layers,  glial  conditioned  medium,  NMDA,  and 
AMPA  receptor  antagonists,  or  growth  factors  are 
proven  devices  for  maintaining  routine  long-term  pri¬ 
mary  neuron  culture,  but  they  render  interpretation  of 
pharmacological  and  biochemical  studies  of  neurons 
in  vitro  far  more  complex. 

The  application  of  new  serum-free  medium  sup¬ 
plemented  with  B27,  without  added  neutrophic  fac¬ 
tors  or  a  glial  feeder  layer,  has  profoundly  improved 
neuronal  survival  in  culture  (Brewer  et  ah,  1993).  It 
was  reported  originally  that  in  Neurobasal-B27  me¬ 
dium  a  nearly  pure  neuronal  culture  could  be  main¬ 
tained  for  4  weeks  with  >90%  viability  with  cells 
plated  at  640/mm2  and  >50%  viability  of  cells  plated 
at  160/mm2  (Brewer  et  ah,  1993).  Assessment  of  glial 
contamination  was  done  by  immunocytochemical  de¬ 
tection  of  GFAP  in  DIV4  cultures.  Our  immunoblot¬ 
ting  results  for  GFAP  confirm  earlier  work  (Brewer  et 
ah,  1993)  and  extend  the  characterization  of  these 
cultures  by  showing  the  emergence  of  GFAP  at 
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DIV20.  The  few  astroglia  in  these  cultures  may  pro¬ 
liferate  at  DIV15  through  DIV25,  and  then  cease  to 
divide  after  DIV25.  However,  the  low  concentrations 
of  amino  acids  in  Neurobasal  medium  are  insufficient 
for  glial  proliferation  (Brewer  et  al.,  1993).  A  more 
likely  explanation  is  that  the  few  astrocytes  present 
early  in  these  cultures  upregulate  GFAP,  but  after 
DIV20  the  ratio  of  glial  protein  to  neuronal  protein 
does  not  increase. 

Despite  the  introduction  of  B27-supplemented 
Neurobasal  medium,  studies  of  primary  neuron  cul¬ 
tures  for  long  term  are  very  rare.  Only  two  other 
studies  have  demonstrated  the  benefit  of  serum-free 
B-27  supplemented  Neurobasal  medium  for  long-term 
neuronal  culture  (Aksenova  et  ah,  1999;  Xie  et  ah, 
2000).  Both  of  these  previous  studies  used  embryonic 
rat  hippocampal  neurons  instead  of  embryonic  mouse 
cortical  neurons.  The  molecular  viability  of  the  hip¬ 
pocampal  neuron  cultures  was  assessed  in  only  one  of 
these  studies,  using  /3-actin  as  a  marker,  which  de¬ 
clined  after  DIV20  (Aksenova  et  ah,  1999).  We  eval¬ 
uated  the  expression  of  many  proteins  in  our  mouse 
cortical  neuron  cultures,  including  GAPDH,  /3-tubu¬ 
lin,  synaptophysin,  synapsin  Ha,  a-  and  /3-synucleins, 
as  well  as  NMDA  and  AMPA  glutamate  receptors, 
and  found  stable  levels  up  to  DIV60. 

The  paucity  of  information  on  long-term  neuronal 
cultures  is  likely  due  to  the  extreme  technical  diffi¬ 
culty  in  culturing  healthy  dissociated  primary  neurons 
for  durations  of  3-4  weeks  or  longer.  Thus,  our  study 
helps  to  fill  this  gap  in  the  available  data  on  long-term 
culturing  of  neurons.  Our  success  in  establishing  a 
long-term  culture  of  primary  neurons  could  be  attrib¬ 
uted  to  reagents  and  technique.  The  use  of  Neurobasal 
medium  supplemented  with  B27  is  critical.  B27  con¬ 
tains  several  antioxidants  (Brewer  et  ah,  1993)  with 
known  protective  actions  on  neurons,  and  we  also 
added  /3-mercaptoethanol  to  the  medium,  which  has 
been  found  to  help  sustain  viability  of  mouse  cortical 
neurons  in  culture  (Ishii  et  ah,  1993).  Other  laborato¬ 
ries  usually  do  not  supplement  neuronal  culture  me¬ 
dium  with  /3-mercaptoethanol.  The  meticulous  care  in 
processing  cortices  from  the  dissection  to  dissociation 
steps  may  also  contribute  to  the  viability  (Brewer, 
1997).  The  trypsination  of  cortices  is  an  important 
early  step  for  primary  cortical  neuron  culture.  We 
incubate  cortices  at  37°C  for  20  min  in  Hanks  medium 
supplemented  with  10%  (v/v)  trypsin  solution  (Life 
Technologies;  catalogue  #15090046).  We  have  ob¬ 
served  that  the  effectiveness  of  trypsin  varies  in  dif¬ 
ferent  batches.  Trypsin  effectiveness  also  decreases 
with  storage,  possibly  due  to  differences  in  enzymatic 
activity;  thus,  the  final  concentration  of  activity  used 
for  cortical  digestion  may  vary.  We  also  suspect  that 


the  trituration  of  cortical  digests  should  not  exceed 
10-15  times  for  long-term  cultures.  Rather  than  in¬ 
creasing  the  trituration,  it  is  advisable  to  routinely 
chop  the  tissues  into  small  pieces  (as  small  as  possi¬ 
ble)  and  to  use  more  trypsin  (up  to  an  additional 
20%). 

Protein  Nitration  Profiling  in  Aging 
Mouse  Cortical  Neuron  Cultures 

We  tested  the  hypothesis  that  neurons  aging  in  vitro 
accumulate  oxidative  damage.  Only  one  other  study 
has  reported  a. progressive  increase  in  oxidative  dam¬ 
age  in  the  form  of  protein  carbonyl  formation  in  rat 
hippocampal  neurons  aging  in  culture  (Aksenova  et 
al.,  1999).  The  specific  type  of  oxidative  damage  of 
interest  to  us  was  via  ONOO~  because  of  its  possible 
role  in  the  pathogenesis  of  cortical  neuron  degenera¬ 
tion  after  cerebral  ischemia  and  in  upper  motor  neu¬ 
rons  of  individuals  with  ALS  (Beckman  et  al.,  1992; 
Martin  et  al.,  2000a,  2000b;  Martin,  2001).  ONOO  — 
is  a  potent  and  relatively  long  lived  reactive  oxygen 
species,  formed  by  a  reaction  between  superoxide  and 
nitric  oxide  (NO),  which  nitrates  proteins  through  the 
formation  of  nitrotyrosine  (Beckman  et  al.,  1992). 

We  tested  the  hypothesis  that  an  accumulation  of 
protein  damage  is  an  age-related  phenotype  in  cortical 
neuron  cultures.  We  used  nitrotyrosine  formation  as  a 
bioassay  for  age-related  oxidative  damage  to  protein 
in  cortical  neuron  cultures.  A  band  at  =»55  kD  showed 
particularly  prominent  nitration  in  cortical  cultures, 
but  the  level  of  nitration  varied  little  with  in  vitro 
aging.  A  similar  nitrated  protein  has  been  identified  in 
vivo  in  brain  that  is  /3~tubulin,  and  the  nitration  of 
/3-tubulin  increases  after  cerebral  ischemia  (Martin  et 
al.,  2000a).  Other  protein  bands  at  about  60-80  kD 
showed  selective  increases  or  decreases  in  nitration  in 
cortical  neuron  cultures.  The  size  of  these  proteins  is 
consistent  with  the  identification  of  nitrated  low  mo¬ 
lecular  weight  neurofilament  in  human  CNS  (Strong 
et  al.,  1998).  Our  findings  are  novel  because  the  level 
of  protein  nitration  changes  as  cortical  neurons  age  in 
vitro.  Interestingly,  there  appears  to  be  a  specific 
protein  nitration  profile  in  aging  cortical  neurons. 
Some  proteins  accumulate  nitration,  whereas  other 
proteins  appear  to  show  reduced  nitration.  Reduced 
nitration  may  be  due  to  decreased  nitration  of  intact 
protein  or  to  degradation  of  nitrated  protein.  To  our 
knowledge,  this  is  a  new  finding.  The  source  of  the 
NO  for  the  formation  of  ONOO-  is  presently  un¬ 
known.  Some  of  these  cortical  neurons  are  interneu¬ 
rons  (De  Lima  and  Voigt,  1 997)  and  thus  may  contain 
NO  synthase,  thereby  providing  a  source  for  NO. 
Maintaining  cortical  neuron  cultures  beyond  DIV20-25 
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will  allow  for  further  exploration  of  protein  nitration 
profiling,  the  proteins  that  are  vulnerable  to  ONOO  " 
attack  at  different  stages  of  maturation,  and  the  cel¬ 
lular  management  of  nitrated  proteins,  particularly  in 
older  neurons. 

Old  Cortical  Neurons  Can  Activate 
Apoptosis  Mechanisms 

The  structure  of  neuronal  death  after  brain  injury  can 
vary  depending  on  animal  age  (Martin,  2001).  We 
examined  whether  older  neurons  can  be  stimulated  to 
undergo  apoptosis,  similar  to  younger  cortical  neu¬ 
rons  in  culture.  This  experiment  was  done  for  two 
reasons:  as  an  indirect  assay  of  the  viability  of  re¬ 
maining  cortical  neurons,  and  to  begin  to  evaluate  if 
cell  death  mechanisms  in  young  and  old  neurons  are 
different  or  similar.  DIV5  and  DIV60  neurons  were 
exposed  to  the  DNA  damaging  agent  CPT.  Insulted 
DIV60  neurons,  like  DIV5  neurons,  activated  apopto¬ 
sis  mechanisms,  such  as  caspase-3  cleavage  and 
PARP  inactivation.  However,  the  magnitude  of 
caspase-3  cleavage  in  old  and  young  neurons  after 
injury  appears  to  be  different.  These  observations 
suggest  that  caspase-3  biochemistry  is  different  in 
stressed  immature  and  mature  neurons,  further  under¬ 
scoring  the  usefulness  of  the  long-term  cortical  cul¬ 
ture.  Age-related  differences  in  caspase-3  activation 
could  partly  explain  observations  on  age-related  dif¬ 
ferences  in  neuronal  cell  death  phenotypes  that  have 
been  identified  in  vivo  (Martin,  2001).  To  better  un¬ 
derstand  the  influence  of  neuronal  maturity  on  neuro¬ 
nal  cell  death,  immature  and  mature  neurons  need  to 
be  used  in  in  vitro  models  of  cell  death,  once  more 
reinforcing  the  need  for  long-term  cultures  of  neurons 
from  the  same  batches  of  embryos. 

With  in  vitro  neuronal  death  systems  the  general 
health  of  the  neurons  undergoing  the  toxicological 
stress  is  an  important  concern.  Cell  injury  paradigms 
with  unhealthy  cell  systems  will  not  likely  yield  in¬ 
formation  that  accurately  reflects  a  typical  cellular 
response  and  will  be  less  relevant  to  the  in  vivo  state. 
If  experiments  are  done  on  cells  that  will  die  sponta¬ 
neously  near  the  time  at  which  an  insult  is  delivered, 
then  inappropriate  conclusions  could  be  made  on  the 
cell  death  mechanisms.  It  is  important  to  document 
the  longevity  of  a  neuronal  cell  culture  system.  In  our 
study,  the  cells  were  maintained  until  DIV60  and 
could  still  activate  molecular  pathways  for  apoptosis. 
Maintaining  the  cells  to  DIV60  was  arbitrary.  The 
observations  on  apoptosis  attest  to  the  healthy  condi¬ 
tion  of  these  long-term  neuronal  cultures  and 
strengthen  our  confidence  that  neuronal  cell  death 
experiments  on  fully  mature  but  younger  cultures 


(e.g.,  DIV25-30  neurons)  will  be  representative  of 
initially  healthy  cells  that  are  undergoing  a  stress  or 
toxin  induced  death  process.  This  study  is  the  first 
demonstration  of  apoptosis  in  in  vitro  aged  neuronal 
cultures.  Old  cortical  neurons,  like  young  neurons, 
undergo  apoptosis  in  response  to  DNA  damage  and 
can  activate  similar  cell  death  mechanisms,  including 
caspase-3  activation. 


Synaptogenesis  in  Mouse  Cortical 
Neuron  Cultures 

Mouse  cortical  neurons  in  culture  can  mature  into 
pyramidal-like  neurons  and  develop  extensive  den¬ 
dritic  and  axonal  arbors  and  form  numerous  synapses. 
At  DIV5,  expression  of  synaptic  proteins  (synapto- 
physin,  a-  and  /3-synuclein)  was  very  low.  These 
Western  blot  observations  were  confirmed  by  immu- 
nolocalization  studies  of  synaptophysin  and  by  EM. 
The  levels  of  synaptic  proteins  were  higher  at  DIVIO. 
Synaptophysin  reached  highest  levels  (>  10-fold)  at 
«DIV  15-20.  However,  synapsin  Ila  protein  became 
expressed  at  appreciable  levels  only  between  DIV15- 
20,  reaching  highest  levels  at  *=DIV30.  NMDA  re¬ 
ceptor  subunit  NR1  and  the  AMPA  receptor  subunits 
GluR2/GluR3  were  expressed  by  DIV5;  thus,  gluta¬ 
mate  receptor  expression  precedes  the  expression  of 
appreciable  levels  of  presynaptic  markers.  We  have 
made  this  observation  in  prior  Western  blot  studies  of 
fetal  and  postnatal  brain  development  (Martin  et  al., 
1998b;  Furuta  and  Martin,  1999).  We  also  observed 
with  in  vitro  developing  cortical  neurons  that  the 
levels  of  /3-tubulin  are  surprisingly  invariant.  In  rat 
brain,  the  expression  of  /3-tubulin  was  also  found  to 
be  unchanged  from  the  embryonic  to  adult  stages 
(Martin  et  al.,  1998b).  It  appears  that  aspects  of  syn¬ 
aptogenesis  in  mouse  cortical  neuron  culture  are  con¬ 
sistent  with  in  vivo  developmental  events  related  to 
synapse  formation  (Knaus  et  al.,  1986;  Fletcher  et  al., 
1991;  Martin  et  al.,  1998b;  Furuta  and  Martin,  1999). 

The  functional  significance  of  the  observed 
changes  in  glutamate  receptor  expression  in  develop¬ 
ing  mouse  cortical  neurons  is  not  yet  clear.  Other 
studies  of  dissociated  cortical  neurons  cultured  from 
postnatal  rat  at  1-15  days  old  have  identified  normal 
physiological  properties  for  both  NMDA  and  non- 
NMDA  glutamate  receptors  (Huettner  and  Baugh¬ 
man,  1986).  In  cultures  of  rat  neocortical  neurons,  the 
frequency  of  spontaneous  inward  events  is  reported  to 
increase  fourfold  from  DIV6-15  to  DIV26-35,  sug¬ 
gesting  that  neurons  in  culture  undergo  major  func¬ 
tional  changes  during  their  maturation  (Zona  et  al., 
1994). 
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a  and  (5  Synucleins  Have  Distinct 
Dendritic  and  Axonal  Localizations 
during  Development  of  Mouse  Cortical 
Neurons  in  Culture 

In  developing  mouse  cortical  neurons  we  found  that  a 
and  /3  synucleins  are  localized  differentially.  Impor¬ 
tantly,  we  observed  for  the  first  time  that  /3-synuclein, 
but  not  a-synuclein,  is  selectively  localized  within 
dendritic  growth  cones.  MAP2  and  GluRl  were  used 
as  known  markers  for  dendrites.  Beta-synuclein  was 
present  at  the  base  of  dendritic  growth  cones  at  DIV3, 
suggesting  a  function  in  the  formation  or  guidance  of 
growing  dendrites  in  immature  cortical  neurons.  The 
visualization  of  /3-synuclein  in  dendritic  growth  cones 
is  also  another  indicator  of  the  integrity  of  these 
cultured  cortical  neurons,  because  of  the  relative  ease 
of  identifying  growth  cones  in  immature  cultures  us¬ 
ing  conventional  microscopy. 

We  also  found  that  /3-synuclein  undergoes  promi¬ 
nent  changes  in  neuronal  compartment  localization 
during  cortical  neuron  maturation.  Although  /3-synuclein 
is  targeted  to  dendritic  growth  cones  in  immature 
neurons,  in  mature  neurons  /3-synuclein  is  targeted  to 
axon  terminals  where  it  colocalizes  with  a-synuclein. 
A  synaptic  terminal  localization  for  a-  or  /3-synucIe- 
ins  has  been  found  previously  in  rat  hippocampal 
neuron  cultures  at  DIV14  (Withers  et  al.,  1997;  Mur¬ 
phy  et  ah,  2000)  and  in  adult  mouse  brain  (Hsu  et  ah, 
1998).  In  zebra  finch  cerebellum,  synelfin  (a- 
synuclein)  was  found  to  overlap  significantly  with  a 
synaptic  protein,  synaptotagmin,  but  it  remained  un¬ 
certain  whether  the  localization  was  at  pre-  or 
postsynaptic  sites  (George  et  ah,  1995).  Alpha-  and 
/3-synuclein  colocalization  in  synaptic  terminals  of 
hippocampal  neurons  has  been  shown  before  (Murphy 
et  ah,  2000).  We  show  for  the  first  time  a  prominent 
colocalization  of  a-  and  /3-synucleins  in  synaptic  ter¬ 
minals  of  cortical  neurons  but  not  in  dendrites  of 
DIV20  cortical  neurons. 


CONCLUSION 

The  novelty  of  this  study  is  found  in  six  aspects.  First, 
the  feasibility  of  maintaining  a  viable  long-term  pri¬ 
mary  mouse  cortical  neuron  culture  is  demonstrated. 
Second,  a  thorough  characterization  of  this  culture 
from  D1V5  to  DIV60  was  done  using  microscopic  and 
immunoblotting  methods.  Third,  old  cortical  neurons 
(DIV60),  like  young  neurons,  were  found  to  undergo 
apoptosis  in  response  to  DNA  damage  and  can  acti¬ 
vate  similar  cell  death  mechanisms.  Fourth,  protein 
nitration  is  an  age-related  phenotype  in  neuronal  cul¬ 


ture.  Fifth,  cortical  neurons  in  vitro,  like  hippocampal 
neurons,  express  glutamate  receptors  prior  to  the  ma¬ 
jor  period  of  synaptogenesis.  Sixth,  /3-synuclein,  but 
not  a-synuclein,  is  present  in  dendritic  growth  cones 
in  developing  neurons,  and  a-  and  /3-synucleins  are 
differentially  localized  in  immature  neurons  but  have 
common  presynaptic  localizations  in  mature  neurons. 
This  study  is  the  first  to  evaluate  aspects  of  neuronal 
development  and  aging,  as  well  as  mechanisms  of  cell 
death  in  immature  and  mature  cortical  neurons. 

The  authors  are  grateful  for  the  expert  technical  assis¬ 
tance  of  Frank  Barksdale. 
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Abstract 

Motor  neurons  degenerate  in  amyotrophic  lateral  sclerosis  (ALS).  The  mechanisms  for  this 
neuronal  cell  death  are  not  known,  although  apoptosis  has  been  implicated.  Oxidative  damage 
to  DNA  and  activation  of  p53  has  been  identified  directly  in  motor  neurons  in  cases  of  ALS.  We 
evaluated  whether  motor  neuron  degeneration  in  ALS  is  associated  with  changes  in  the  levels 
and  function  of  the  multifunctional  protein  apurinic/ apyrimidinic  enodnuclease  (APE/Ref-1). 
APE/Ref-1  functions  as  an  enzyme  in  the  DNA  base-excision  repair  pathway  and  as  a  redox- 
regulation  protein  for  transcription  factors.  The  protein  level  and  localization  of  APE/Ref-1  are 
changed  in  ALS.  Immunoblotting  showed  that  APE/Ref-1  protein  levels  are  increased  in  selec¬ 
tively  vulnerable  central  nervous  system  (CNS)  regions  in  individuals  with  ALS  compared  to 
age-matched  controls.  Plasmid  DNA  repair  assay  demonstrated  that  APE  from  individuals  with 
ALS  is  competent  in  repairing  apurinic  (AP)  sites.  DNA  repair  function  in  nuclear  fractions  is 
increased  significantly  in  ALS  motor  cortex  and  spinal  cord.  Immunocytochemistry  and  single¬ 
cell  densitometry  revealed  that  APE/Ref-1  is  expressed  at  lower  levels  in  control  motor  neu¬ 
rons  than  in  ALS  motor  neurons,  which  are  decreased  in  number  by  42%  in  motor  cortex. 
APE/Ref-1  is  increased  in  the  nucleus  of  remaining  upper  motor  neurons  in  ALS,  which  show 
a  38%  loss  of  nuclear  area.  APE-Ref-1  is  also  upregulated  in  astrocytes  in  spinal  cord  white 
matter  pathways  in  familial  ALS.  We  conclude  that  mechanisms  for  DNA  repair  are  activated 
in  ALS,  supporting  the  possibility  that  DNA  damage  is  an  upstream  mechanism  for  motor 
neuron  degeneration  in  this  disease. 

Index  Entries:  Motor  neuron;  apoptosis;  DNA  damage;  DNA  repair;  DNA  single-strand 
breaks;  programmed  cell  death;  Lou  Gehrig's  disease. 
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Introduction 

Amyotrophic  lateral  sclerosis  (ALS),  or  motor 
neurone  disease,  is  still  a  fatal  neurological  disease 
in  humans,  because  it  cannot  be  cured  or  treated 
effectively.  The  disease  causes  progressive  weak¬ 
ness,  muscle  atrophy,  paralysis,  and  death  within 
3-5  yr  of  clinical  onset  (Kuncl  et  al.,  1992;  Rowland 
and  Shneider,  2001).  ALS  is  the  third  most  common 
neurodegenerative  disease  with  an  adult  onset  (after 
Alzheimer's  disease  and  Parkinson's  disease).  The 
average  prevalence  of  ALS  in  the  1990s  was  5.2  per 
100,000  individuals  (Worms,  2001).  Each  year  -5000 
Americans  are  diagnosed  with  ALS,  and,  in  parts 
of  the  United  Kingdom,  1  in  -500  deaths  is  caused 
by  some  form  of  motor  neurone  disease  (Nicholson 
et  al.,  2000).  The  disease  attacks  motor  neurons  in 
the  cerebral  cortex,  brainstem,  and  spinal  cord.  The 
mechanisms  for  this  selective  degeneration  of  motor 
neurons  are  not  known  (Martin  et  al.,  2000;  Row¬ 
land  and  Shneider,  2001 ).  The  degeneration  of  upper 
and  lower  motor  neurons  in  ALS  may  be  a  form  of 
aberrantly  occurring  apoptosis  (Ekegrenetal.,  1999; 
Martin,  1999;  Mattson  et  al.,  1999;  Sathasivam  et  al., 
2001)  that  could  be  mediated  by  p53  (Martin,  2000, 
2001),  although  this  idea  has  been  challenged  (He 
and  Strong,  2000).  The  possible  involvement  of  p53 
implicates  DNAdamage  as  an  upstream  pathogenic 
event  in  motor  neuron  degeneration  in  ALS. 

It  has  been  proposed  previously  that  DNA 
damage  could  be  involved  in  the  pathogenesis  of 
ALS  (Bradley  and  Krasin,  1982).  This  damage  is 
caused  possibly  by  oxidative  stress,  because 
8-hydroxy-2-deoxygaunosine  (OHdG)  adducts  are 
elevated  in  individuals  with  ALS  (Fitzmaurice  et 
al.,  1996;  Ferrante  et  al.  1997);  however,  the  contri¬ 
butions  of  motor  neurons  to  the  burden  of  OHdG 
was  uncertain  in  these  studies.  Direct  evidence  for 
OHdG-DNA  lesions  specifically  in  motor  neurons 
of  individuals  with  ALS  has  been  found  recently 
(Martin,  2001).  The  mechanisms  of  DNA  damage 
accumulation  in  neurons  are  understood  poorly. 
Possible  mechanisms  for  the  elevated  levels  of  DNA 
damage  in  individuals  with  ALS  include  increases 
in  the  spontaneous  generation  of  DNA  damage  by 
reactive  oxygen  species  (ROS)  and  defective  DNA 
repair.  Nonrepaired  or  misrepaired  DNA  causes 
acquired  genetic  mutations  and  genomic  instabil¬ 
ity  (Lindahl,  1993)  that  could  contribute  to  the  patho¬ 
genesis  of  motor  neuron  degeneration  in  ALS. 


Mammalian  cells  have  elaborate  DNA  repair 
mechanisms.  DNA  base-excision  repair  (BER)  is 
believed  to  be  the  major  pathway  for  repairing 
oxidative  damage  to  DNA  (Subba  Rao,  1993).  BER 
involves  three  major  classes  of  DNA  repair  enzymes: 
DN  A  glycosylases,  apurinic  /  apyrimidinic  endonu- 
cleases  (APE),  and  DNA  polymerases.  The  removal 
of  oxidatively  damaged  DNAbases  by  BER  involves 
hydrolysis  of  the  N-glycosylase  bond  between  the 
sugar  and  the  base  by  a  DNAglycosylase.  This  reac¬ 
tion  generates  a  site  that  is  without  a  base  (i.e.,  an 
AP  site) .  A  DNA  single-strand  break  (SSB)  is  induced 
by  hydrolysis  of  the  phosphodiester  bond  in  the 
DNA  backbone  by  APE,  followed  by  excision  of  the 
AP  site  by  exonuclease  activity.  The  gap  is  filled  via 
nucleotide  insertion  by  DNA  polymerase-p.  Liga¬ 
tion  of  the  3'  and  5'  ends  by  DNA  ligase  completes 
the  repair  process. 

There  is  a  paucity  of  studies  on  DNA  repair  in 
individuals  with  ALS.  The  studies  available  have 
examined  DNA  repair  in  ALS  skin  fibroblasts 
(Tandan  et  al.,  1987),  lymphocytes  (Robison  et  al., 
1993),  and  postmortem  frontal  cortex  (Kisby  et  al., 
1997).  Some  of  these  reports  are  conflicting.  We 
therefore  tested  the  hypothesis  that  changes  occur 
in  the  expression  and  function  of  the  class  II  APE  in 
selectively  vulnerable  regions  of  central  nervous 
system  (CNS)  in  ALS,  specifically  in  upper  cortical 
and  lower  spinal  motor  neurons. 

Methods 

Human  Autopsy  Cases  and  CNS  Tissue 
Sampling 

Patients  were  diagnosed  with  ALS  by  neurolog¬ 
ical  examination  using  the  El  Escorial  criteria  (World 
Federation  of  Neurology  Research  Group  on  Neu¬ 
romuscular  Diseases,  1994).  Postmortem  CNS  tis¬ 
sues  from  these  individuals  were  obtained  from  the 
Human  Brain  Resource  Center,  Division  of  Neu¬ 
ropathology,  Johns  Hopkins  University  School  of 
Medicine.  Neuropathological  evaluation  confirmed 
the  clinical  diagnosis  of  ALS  (Martin,  1999).  Spo¬ 
radic  ALS  comprised  the  majority  (-89%)  of  the 
cases  studied  (Table  1).  Postmortem  samples  of  brain 
and  spinal  cord  from  age-matched  control  individ¬ 
uals  without  neurological  disease  ( n  =  6)  and 
patients  with  ALS  (n  =  16)  were  selected  randomly 
for  analysis  of  APE/Ref-1  (Table  1).  The  ages  (mean 
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Table  1 


Human  Autopsy  Cases  From  Which  CNS  Tissues  Were  Obtained 


Group 

Case  number 

Age  (years) /sex 

Postmortem 

delay(hours) 

Cause  of  death 

Control 

487 

73 /male 

22 

Pancreatic  cancer 

515 

62 /male 

21 

Aortic  aneurysm 

712 

44 /female 

20 

Pneumonia 

719 

66/male 

10 

Myocardial  infarction 

961 

59/female 

6 

Myocardial  infarction 

993 

66/male 

12 

Prostatic  carcinoma 

ALS 

345 

59/female 

3 

Respiratory  arrest 

414 

65 /male 

4 

Respiratory  arrest 

433 

71  /  male 

17 

Respiratory  arrest 

447 

69 /female 

15 

Respiratory  arrest 

492 

68 /female 

18 

Respiratory  arrest 

834 

46 /male 

3 

Respiratory  arrest 

875 

70/female 

24 

Respiratory  arrest 

950 

38/  male 

22 

Respiratory  arrest 

1014 

72/male 

5 

Respiratory  arrest 

1088 

66/male 

7 

Respiratory  arrest 

1108 

64 /female 

8 

Respiratory  arrest 

1151 

57/ female 

14 

Respiratory  arrest 

1161 

47/ male 

6 

Pneumonia 

1169 

67/female 

15 

Respiratory  arrest 

1176 

27/ male 

6 

Respiratory  arrest 

1485 

61 /female 

5 

Respiratory  arrest 

±  standard  deviation)  for  control  and  ALS  groups 
were  62  ±  10  yr  and  59  ±  13  yr,  respectively.  The 
postmortem  delays  (mean  ±  standard  deviation)  of 
the  groups  were  comparable  (control,  15  ±  7  h;  ALS, 
11  ±  7  h). 

Very  selective  and  specific  CNS  tissue  samples 
were  used  for  these  experiments.  Samples  of  motor 
cortex  (superior  precentral  gyrus,  leg  area), 
somatosensory  cortex,  and  spinal  cord  were  used  for 
immunoblotting  and  DNA  repair  assays.  Using  a 
4-  or  2-mm  diameter  micropunch  (Acuderm  Inc., 
Fort  Lauderdale,  FL),  neocortical  samples  (0.3-0.5  g) 
and  spinal  cord  samples  (0.1-0.3  g)  were  obtained 
carefully  from  fresh-frozen  postmortem  brain  slabs 
of  the  right  or  left  hemisphere  or  from  the  spinal 
cord  that  were  stored  at  -70°C  and  warmed  to  -20°C. 
Samples  of  spinal  cord  included  only  the  anterior 
horn  gray  matter  (mostly  the  group  IX  column)  of 
cervical  or  lumbar  levels.  White  matter  pathways 
were  avoided.  Discretely  microdissected  punches 
of  the  lumbar  and  cervical  spinal  cord  and  the  motor 
and  sensory  cortical  gray  matter  mantles  were  used 


to  make  the  measurements  made  here  and  previ¬ 
ously  (Martin,  1999, 2000).  These  samples  of  motor 
cortex  and  spinal  cord  anterior  horn  were  as  selec¬ 
tive  as  could  be  feasible  for  motor  neuron  popula¬ 
tions,  without  using  laser  capture  microscopy. 

Immunoblotting  for  APE/Ref-1 

Subcellular  fractions  were  prepared  from  human 
CNS  tissues.  Nuclear-enriched  and  soluble  protein 
extracts  were  prepared  by  homogenizing  tissue 
samples  in  cold  20  mM  Tris-HCl,  pH  7.4,  contain¬ 
ing  10%  (w/ v)  sucrose,  20  U/mL  aprotinin  (Trasy- 
lol),  20  pg/mL  leupeptin,  20  pg/mL  antipain, 
20  pg/mL  pepstatin  A,  20  pg/mL  chymostatin, 
0.1  mM  phenylmethylsulfonyl  fluoride  (PMSF), 
1 0  mM  benzamidine,  1  mM  EDTA,  and  5  mM  EGTA. 
Homogenates  were  centrifuged  at  1,000  gav  for 
10  min  (4°C),  and  the  resulting  pellet  (PI  fraction) 
was  resuspended  in  homogenization  buffer  (with¬ 
out  sucrose)  supplemented  with  20%  (w/v)  glyc¬ 
erol.  The  supernatant  was  then  centrifuged  at 
54,000  gav  for  20  min  (4°C)  to  yield  soluble  and  mem- 
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brane  fractions.  Fraction-specific  organelle /enzyme 
markers  verified  this  subcellular  fractionation 
method  for  human  CNS  tissues  (Martin,  2000).  Pro¬ 
tein  concentrations  in  different  fractions  were  mea¬ 
sured  by  a  Bio-Rad  protein  assay  with  bovine  serum 
albumin  (BSA)  as  a  standard. 

The  levels  of  immunoreactivity  for  APE/Ref-1 
were  measured  by  immunoblotting.  Nuclear- 
enriched  and  soluble  protein  extracts  (5  and  10  pg 
protein  samples)  from  ALS  (n  =  12)  and  control 
( n  =  6)  cases  were  subjected  to  15%  sodium  dode- 
cyl  sulfate  polyacrylamide  gel  electrophoresis  (SDS- 
PAGE)  and  transferred  to  nitrocellulose  membrane 
by  electroelution  as  described  (Martin,  1999). 
Sample  loading  and  protein  electroblotting  was  con¬ 
trolled  for  in  each  experiment  by  staining  nitrocel¬ 
lulose  membranes  with  Ponceau  S  before 
immunoblotting  and  normalizing  subsequent 
immunoreactivity  to  Ponceau  S-stained  protein. 
Blots  were  blocked  with  2.5%  nonfat  dry  milk  with 
0.1  %  Tween  20  in  50  mM  Tris-buffered  saline  (TBS), 
pH  7.4,  then  incubated  overnight  at  4°C  with  anti¬ 
body  to  APE/Ref-1  (Affinity  Bioreagents,  Golden, 
CO)  used  at200  ng  IgG/mL.  After  the  primary  anti¬ 
body  incubation,  blots  were  washed  and  incubated 
with  horseradish  peroxidase-conjugated  secondary 
antibody  (0.2  pg/mL),  developed  with  enhanced 
chemiluminescence  (Pierce),  and  exposed  to  X-ray 
film.  Immunoreactive  protein  was  visualized  within 
the  linear  range. 

To  quantify  APE/Ref-1  immunoreactivity,  films 
were  scanned  using  Adobe  Photoshop  and  an  Agfa 
Arcus  Plus  scanner  (Martin,  1999).  Densitometric 
analysis  was  performed  using  signal  Analytics  IP 
Lab  Gel  software.  Protein  levels  were  expressed  as 
relative  optical  density  (OD)  measurements,  deter¬ 
mined  by  comparing  the  density  and  area  of  the 
immunoreactive  bands  from  ALS  cases  to  corre¬ 
sponding  bands  in  control  lanes  in  the  same  blot. 
The  measurements  for  all  blots  were  normalized  to 
total  protein  loaded  as  determined  by  Ponceau  S 
staining.  The  regional  and  subcellular  values  for 
each  ALS  and  control  case  (determined  from  at  least 
three  different  blots  per  region  and  fraction)  were 
used  to  determine  group  means  and  variances. 

APE  Activity  Assay 

APE  activity  in  ALS  and  control  CNS  samples 
was  measured  using  a  DNA  repair  assay  (Henner 
et  al.,  1987).  This  assay  is  based  on  the  repair  of  plas- 
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mid  DNA  (pUCl 8,  Amersham)  containing  AP  sites 
generated  in  vitro  by  hydrolytic  depurination.  Plas¬ 
mid  DNA  was  depurinated  by  heating  (60°C)  pUC18 
in  3  volumes  of  50  mM  sodium  citrate  for  15  min. 
The  assay  mixtures  contained  100  mM  HEPES, 
pH  8.25,  3  mM  MgCl2,  500  ng  depurinated  Form 

1  pUC18  DNA,  and  nuclear  or  soluble  protein 
(25  ng-1  pg).  Assay  mixtures  (final  volume  20  pL) 
were  incubated  at  37°C  for  20  min.  The  amounts  of 
DNA  and  protein  and  the  time  of  reaction  were 
established  empirically.  Negative  controls  were 
denaturation  of  protein  extracts  by  boiling  for  3  min 
in  SDS  prior  to  reacting  with  plasmid  DNA  and  by 
reacting  damaged  DNA  without  protein  extract. 
Adding  DNA-gel  loading  buffer  containing  10% 
SDS  and  placing  samples  on  ice  terminated  the  reac¬ 
tion.  To  resolve  repaired  and  nonrepaired  DNA, 
samples  were  loaded  into  agarose  gels  (0.8%)  con¬ 
taining  ethidium  bromide  and  were  fractionated  for 

2  h  at  60  V.  Repaired  and  nonrepaired  DNA  bands 
were  visualized  with  a  Stratagene  Eagleeye  II.  Dig¬ 
ital  images  were  quantified  by  densitometry. 

Immunolocalization  of  APE/Ref-1 

From  ALS  (n  =  16)  and  control  (n  =  6)  cases, 
paraffin-embedded  samples  of  spinal  cord,  pre¬ 
central  gyrus  (motor  cortex),  and  postcentral  gyrus 
(somatosensory  cortex)  were  sectioned  (10  pm)  and 
stained  with  antibody  to  APE  /Ref-1  (1 0  pg  IgG/mL) 
using  a  standard  immunoperoxidase  method  with 
diaminobenzidine  as  chromogen.  The  high  speci¬ 
ficity  of  this  antibody  is  shown  by  immunoblotting 
(Fig.  1).  Negative  control  sections,  including  pri¬ 
mary  or  secondary  antibody  omission  and  dilute  or 
denatured  primary  antibody,  did  not  show 
immunoreactivity.  Some  sections  were  dual-labeled 
for  APE  and  glial  fibrillary  acid  protein  (GFAP)  using 
a  sequential  antibody  detection  method  (Furuta  et 
al.,  1995)  with  diaminobenzidine  and  benzidine 
dihydrochloride  as  chromogens. 

The  immunocytochemical  preparations  were 
analyzed  quantitatively  using  cell  counting  and 
single-cell  densitometry.  The  evaluation  focused  on 
motor  cortex  of  control  and  ALS  cases  because  this 
is  a  selectively  vulnerable  region  that  generally 
shows  less  advanced  degeneration  than  spinal  cord 
anterior  horn.  Furthermore,  the  upper  motor  neu¬ 
rons  in  ALS  are  understudied.  In  carefully  matched 
sections  of  motor  cortex,  APE  immunoreactivity  was 
measured  in  individual  layer  5  pyramidal  neurons. 
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Fig.  1.  Antibody  to  APE/Ref-1  is  highly  specific  in 
human  CNS  tissue  extracts.  Full-length  immunoblotsof 
APE/Ref-1  in  motor  cortex  (MC)  and  spinal  cord  (SpC) 
of  control  (C)  and  ALS  cases.  Brain  and  spinal  cord  sam¬ 
ples  were  fractionated  into  nuclear-enriched  (PI)  and 
soluble  (S2)  protein  compartments.  The  APE/Ref-1  anti¬ 
body  detects  a  single  protein  band  at  ~37  kDa. 


Images  of  randomly  selected  immunoreactive  upper 
motor  neurons  were  captured  photographically  at 
1  OOOx  magnification  by  an  observer  unaware  of  case 
history.  For  each  case,  ~30  neurons  were  acquired. 
The  films  of  individual  motor  neurons  were  scanned 
and  saved  as  TiFF  files.  For  each  neuron,  two  dif¬ 
ferent  measurements  were  obtained  by  delineating 
a  region  of  interest  (i.e.,  nucleus)  using  densitome¬ 
try  software  (Inquiry  Software,  Loats  Associates, 
Westminster,  MD).  These  measurements  were  OD 
and  area  of  the  nucleus.  Relative  APE  immunore- 
activity  was  reflected  by  the  average-integrated 
intensity  of  emulsion  grain  density.  After  the  sec¬ 
tions  were  used  for  single-cell  densitometry,  they 
were  counterstained  with  cresyl  violet  and  the 
number  of  layer  5  pyramidal  neurons  was  deter¬ 
mined  by  profile  counting. 

Data  Analysis 

The  sample  populations  were  selected  randomly 
and  were  normally  distributed  (i.e.,  assumptions 
for  parametric  analyses  were  not  violated).  The  mea- 
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Fig.  2.  Representative  immunoblots  of  APE/Ref-1  in 
soluble  (S2)  protein  fractions  of  motor  cortex  (MC,  5  pg 
of  protein  loaded)  and  spinal  cord  (SC,  lOpg  of  protein 
loaded)  of  control  (C)  and  ALS  (A)  cases.  For  each  pair, 
the  upper  image  is  an  APE/Ref-1  immunoblot  and  the 
lower  image  is  a  strip  showing  the  Ponceau  S  staining 
of  the  actual  nitrocellulose  membrane  used  for  the 
immunoblot.  These  blots  are  only  two  of  several  blots 
for  each  CNS  region  that  were  used  to  generate  the 
quantitative  data  shown  in  Fig.  3. 


surements  that  were  made  were  APE/Ref-1  protein 
levels  by  immunoblotting  and  immunocytochem- 
istry,  APE  enzyme  activity,  motor  neuron  number, 
and  nuclear  area.  The  analysis  of  the  measurements 
was  done  by  comparing  age-matched  control  values 
to  ALS  values  with  one-way  analysis  of  variance. 
Subsequent  statistical  evaluation  of  significance  was 
done  using  a  two  sample  Student's  f-test. 

Results 

APE/Ref-1  Protein  Levels  are  Increased 
in  Motor  Neuron  Regions  in  ALS 

The  specificity  of  the  antibody  to  APE/Ref-1  was 
evaluated  in  immunoblots  of  human  CNS  tissue 
extracts  (Fig.  1).  This  antibody  is  highly  specific  as 
shown  in  full-length  blots  (Fig.  1).  It  detects  a  single 
band  at  ~37  kDa.  This  protein  has  a  size  consistent 
with  human  APE/Ref-1  (Duguid  et  al.,  1995).  The 
same  size  of  protein  is  present  in  nuclear  and  soluble 
protein  fractions  in  control  and  ALS  cases  (Fig.  1). 

The  levels  of  APE/Ref-1  were  measured  in  sub- 
cellular  protein  fractions  of  CNS  tissues  from  ALS 
and  control  cases  by  immunoblotting  (Figs.  2,  3). 
Soluble  protein  fractions  (S2)  of  lumbar/cervical 
spinal  cord  anterior  horn,  motor  cortex,  and 
somatosensory  cortex  of  ALS  and  control  cases  were 
isolated.  The  level  of  APE/Ref-1  was  dramatically 
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Fig.  3.  Measurement  of  APE/Ref-1  levels  in  nuclear 
(PI)  and  soluble  (S2)  protein  fractions  of  motor  cortex 
(solid  black  bars),  spinal  cord  (striped  bars),  and 
somatosensory  cortex  (white  bars)  of  ALS  cases.  The 
values  (presented  as  %  of  control,  which  is  set  at  1 00%) 
are  mean  ±SD.  In  ALS  motor  cortex  and  spinal  cord  sol¬ 
uble  protein  fractions,  the  levels  were  increased  signif¬ 
icantly  (asterisk,  p  <  0.01)  above  control  level.  In  ALS 
spinal  cord  nuclear  protein  fractions  (PI ),  the  levels  were 
increased  significantly  (asterisk,  p  =  0.05)  above  con¬ 
trol  level. 


increased  ip  <  0.01)  in  S2  fractions  of  spinal  cord 
and  motor  cortex,  whereas  the  level  in  sensory  cortex 
was  not  different  from  age-matched  controls  (Figs. 
2, 3).  Nuclear-enriched  fractions  (PI)  of  lumbar /cer¬ 
vical  spinal  cord  anterior  horn,  motor  cortex,  and 
somatosensory  cortex  were  isolated  from  ALS  and 
control  cases.  The  level  of  APE/Ref-1  was  elevated 
modestly  ( p  -  0.05)  in  PI  fractions  of  spinal  cord, 
but  the  levels  in  motor  cortex  and  sensory  cortex 
were  not  significantly  different  from  age-matched 
controls  (Fig.  3).  These  results  were  replicated  in 
experiments  using  5  and  10  gg  of  protein. 

DNA  Repair  Function  of  APE  is  Increased 
in  ALS  Motor  Neuron  Regions 

APE  functions  as  a  nuclear  DNA  repair  enzyme 
in  the  BER  pathway  (Subba  Rao,  1993).  We  deter¬ 
mined  the  functional  capacity  of  APE  in  nuclear 
extracts  of  human  CNS  tissue  using  a  DNA  repair 
assay.  Agarose  gel  electrophoresis  successfully 
resolved  the  damaged  and  repaired  plasmid  DNA 
(Fig.  4).  DNArepaired  by  APE  was  seen  as  the  upper 
band  (form  II).  The  nonrepaired  DNA  was  seen  as 
the  lower  band  (form  I).  Denaturation  of  nuclear 
protein  extracts  prior  to  their  use  in  the  assay  blocked 


DNA  repair  activity  (Fig.  4).  DNA  repair  activity  in 
nuclear  fractions  of  ALS  motor  cortex  and  spinal 
cord  appeared  elevated  compared  to  control,  as  sug¬ 
gested  by  the  increased  ethidium  bromide  staining 
of  the  upper  DNA  band,  and  the  corresponding 
decease  in  the  intensity  of  the  lower  band.  Densit¬ 
ometry  on  the  bands  revealed  an  overall  significant 
increase  in  repaired  DNA  in  the  ALS  cases  com¬ 
pared  to  controls  (Fig.  5). 

APE/Ref-1  Localization  is  Altered  in  Motor 
Neuron  Regions  in  ALS 

In  the  CNS  of  control  humans  free  of  neurologi¬ 
cal  disease  (Table  1),  immunocytochemically 
detectable  APE/Ref-1  was  observed  most  promi¬ 
nently  in  glial  cell  nuclei.  These  labeled  glial  cells 
were  found  in  the  parenchyma  and  white  matter 
(Fig.  6A).  APE/Ref-1  immunoreactivity  was  low  in 
neurons  in  control  CNS,  based  on  one  antibody. 
Only  subsets  of  neurons  displayed  cytoplasmic  and 
nuclear  labeling  that  was  not  intense  (Fig.  6B).  In 
all  cases  of  ALS,  APE/Ref-1  immunoreactivity  was 
detected  intensely  in  the  nucleus  of  subsets  of  lower 
spinal  motor  neurons  and  upper  motor  neurons  in 
motor  cortex  (Fig.  6C,  D).  Most  of  these  neurons 
enriched  in  APE/Ref-1  immunoreactivity  were 
chromatolytic  (Fig.  6C)  or  undergoing  somatoden¬ 
dritic  attrition  (Fig.  6D).  In  cases  of  FALS,  nonneu¬ 
ronal  cells  in  white  matter  that  appeared  to  be 
reactive  astrocytes  were  frequently  positive  for 
APE/Ref-1  in  spinal  cord  (most  prominently  in  the 
corticospinal  tracts)  and  motor  cortex  (Fig.  6E).  Dual 
labeling  of  cells  for  APE  and  GFAP  confirmed  that 
these  cells  were  astroglia  (Fig.  6F). 

Motor  neurons  in  layer  5  of  motor  cortex  were 
counted.  Sporadic  ALS  cases  had  a  42%  loss  of  upper 
motor  neurons  compared  to  age-matched  controls 
(Table  2).  Of  the  remaining  upper  motor  neurons  in 
cases  of  ALS,  ~36%  of  these  cells  had  a  nucleus  that 
was  intensely  immunoreactive  for  APE  (Table  2), 
whereas  <1%  of  the  motor  neurons  showed  strong 
APE  immunoreactivity  in  controls  (Table  2).  The 
level  of  APE  immunoreactivity  in  the  nucleus  of 
upper  motor  neurons  in  ALS  cases  was  -150%  of 
control  (Table  2).  There  was  a  38%  loss  of  nuclear 
area  in  these  neurons  (Table  2). 

Discussion 

This  study  advances  the  understanding  of  the 
pathobiology  of  ALS  by  finding  an  activation  of  a 
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Fig.  4.  Repair  of  AP  sites  in  plasmid  DNA  by  protein  extracts  of  ALS  and  control  (C)  CNS  tissues.  Samples  of 
motor  cortex  (MC)  and  spinal  cord  (SpC)  were  fractionated  into  nuclear  (PI )  and  soluble  (S2)  protein  extracts.  APE 
activity  was  determined  by  reacting  in  vitro  human  protein  with  depurinated  (AP  site  damaged)  pUC18  plasmid 
DNA  (form  I)  containing  -3-4  AP  sites  per  pUCI  8  DNA  molecule  (Henner  etal.,  1 987).The  reactions  were  quenched 
with  SDS.  Damaged  and  repaired  plasmid  DNA  was  resolved  by  electrophoresis  in  0.8%  agarose  and  stained  with 
ethidum  bromide.  Repaired  DNA  is  seen  as  the  upper  band  (form  II),  and  nonrepaired  DNA  is  seen  as  the  lower 
band  (form  I).  Reactions  with  depurinated  DNA  alone  (Dep  DNA)  and  denatured  protein  extracts  (Neg  Cont)  were 
negative  controls  for  the  assay.  The  apparent  increase  in  ethidium  bromide  staining  of  the  upper  DNA  band  and 
the  decrease  in  the  intensity  of  the  lower  band  indicate  that  DNA  repair  activity  in  nuclear  fractions  of  ALS  motor 
cortex  and  spinal  cord  are  elevated  compared  to  control.  These  DNA  gels  are  only  three  of  several  gels  for  each 
CNS  region  that  were  used  to  generate  the  quantitative  data  shown  in  Fig.  5. 


30-i 


control  ALS  control  ALS 

Motor  Cortex  Spinal  Cord 

Fig.  5.  Quantification  of  APE  activity  in  nuclear  protein  fractions  of  motor  cortex  and  spinal  cord  of  control  and 
ALS  cases.  The  values  shown  are  mean  ±  SEM.  Asterisk  indicates  significant  difference  (p  <  0.05)  from  control. 
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Fig.  6.  Localization  of  APE/Ref-1  in  ALS  brain  and  spinal  cord.  (A)  and  (B)  In  control  brain  APE  is  enriched  in 
subsets  of  glial  cell  nuclei  (A,  arrows),  while  upper  and  lower  motor  neurons  show  only  faint  labeling  (B,  arrow). 
Scale  bar:  (A)  20  pm;  (B)  (same  for  C-F),  1 5  pm.  (C)  and  (D)  In  ALS,  motor  neurons  in  the  chromatolytic  (C,  arrows) 
and  somatodendritic  atrophy  (D,  arrows)  stage  of  apoptosis  (see  Martin,  1999  for  the  staging  of  motor  neuron 
death  in  ALS)  show  strong  nuclear  labeling  for  APE/Ref-1.  (E)  and  (F)  In  FALS  cases,  some  astroglia-like  cells  in 
spinal  cord  white  matter  (not  included  in  the  micropunched  samples  used  for  immunoblots)  have  strong  cyto¬ 
plasmic  immunoreactivity  for  APE/Ref-1  (E,  arrow),  and  subsequent  dual  labeling  for  APE/Ref-1  and  GFAP(F)  con¬ 
firmed  that  reactive  astrocytes  are  positive  for  GFAP  (E,  arrows,  black  labeling)  are  also  APE  positive  (E,  arrows, 
brown  labeling). 
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Group4 

Neuronal 

numbed 

APE-positive 

neurons'* 

Nuclear  APE 
level6 

Nuclear  area 

Control 

433  ±  62 

4  ±  4 

133.8  ±  4.9 

14897  ±436 

ALS 

250  ±  78** 

90  ±  46‘* 

198.3  ±  30.0* 

9203  ±  2945* 

“Age-matched  neurological  disease-free  controls  ( n  =  6)  and  sporadic  ALS  (n  =  14)  cases  were 
used. 

fcAll  values  are  mean  ±  standard  deviation.  Significant  difference  from  control  is  indicated  by 
the  double  asterisk  ( p  <  0.01)  or  single  asterisk  (p  <  0.05). 

“Number  of  neurons  (neurons /mm2)  in  layer  5  of  motor  cortex. 

^Number  of  neurons  (neurons/ mm2)  in  layer  5  of  motor  cortex  with  strong  nuclear  APE 
immunopositivity. 

“Value  was  determined  from  the  average-integrated  optical  density  of  immunoreactivity  mea¬ 
sured  using  single-cell  densitometry  on  ~30  layer  5  neurons  in  each  case. 


* 


key  enzyme  that  functions  in  DNA-BER.  In  mam¬ 
malian  cells,  APE  corrects  AP  sites  through  base 
incision.  Removal  of  the  deoxyribose  5-phosphate 
and  ligation  are  carried  out  primarily  by  DNA  poly¬ 
merase  p  (poip),  with  APE  and  poip  interacting  to 
form  a  ternary  complex  comprised  of  AP-DNA, 
APE,  and  poip  (Bennet  et  al.,  1997).  We  found  that 
APE/Ref-1  levels  are  increased  in  CNS  tissues  from 
patients  with  ALS.  Because  BER  of  DNA  is  one  func¬ 
tion  of  APE/Ref-1,  we  determined  whether  there 
was  a  corresponding  increase  in  functional  activity 
of  APE  using  an  in  vitro  assay.  APE  activity  is 
increased  in  nuclear  fractions  of  motor  neurons 
regions  in  cases  of  ALS.  Although  this  finding  is 
consistent  with  the  increased  levels  of  APE/Ref-1 
protein,  it  is  important  because  it  demonstrates  that 
the  APE  is  functionally  competent. 

APE  levels  and  activity  are  elevated  in  motor 
cortex  and  spinal  cord  anterior  horn,  regions  that 
contain  motor  neurons,  but  not  in  nonmotor  regions 
such  as  the  somatosensory  cortex,  in  cases  of  ALS. 
APE  activity  was  increased  in  nuclear  fractions  of 
motor  cortex  without  a  significant  increase  in  pro¬ 
tein;  however,  we  found  a  loss  of  neurons  in  motor 
cortex,  which  may  deplete  nuclear  APE.  Our  tissue 
homogenate-based  assays  were  not  quantitative 
specifically  for  motor  neurons.  Despite  using  an 
accurate  micropunch  technique,  nonneuronal  cells, 
motor  neurons,  and  neurons  other  than  motor  neu¬ 
rons  contribute  to  the  samples.  Selective  loss  of 
motor  neurons  could  lead  to  reactive  activation  of 
glial  cells  and  a  corresponding  increase  in  APE. 


Therefore,  we  used  immunocytochemistry  to  local¬ 
ize  APE  at  the  cellular  level.  Except  in  some  spinal 
cord  white  matter  pathways  in  cases  of  FALS, 
immunoreactivity  for  APE  was  not  generally  upreg- 
ulated  in  astroglia.  Immunolocalization  experi¬ 
ments  showed  that  APE/Ref-1  is  present  in  motor 
neurons.  We  measured  APE  on  a  single  motor 
neuron  basis  using  immunocytochemistry  and 
single-cell  densitometry.  In  motor  cortex,  very  few 
(<1  %)  upper  motor  neurons  strongly  expressed  APE 
in  controls;  in  contrast,  APE  immunoreactivity  was 
increased  dramatically  in  a  significant  proportion 
of  remaining  motor  neurons  in  ALS.  Using  single¬ 
cell  densitometry,  APE  immunoreactivity  was 
increased  in  the  nucleus  of  layer  5  motor  neurons 
in  individuals  with  ALS.  These  motor  neurons 
expressing  APE/Ref-1  were  injured  based  on  a 
decrease  in  nuclear  area  and  other  structural  fea¬ 
tures  such  as  chromatolysis  and  somatodendritic 
attrition  (Martin,  1999).  We  conclude  that  DNA 
repair  pathways  are  activated  in  vulnerable  cells  in 
ALS,  supporting  the  possibility  that  DNA  damage 
is  an  upstream  mechanism  for  motor  neuron  degen¬ 
eration  in  this  disease. 

Our  observations  on  APE/Ref-1  are  consistent 
with  current  information  on  the  possible  mecha¬ 
nisms  of  motor  neuron  degeneration  in  ALS.  Motor 
neurons  die  selectively  in  individuals  with  ALS 
(Yoshiyama  et  al.,  1994;  Ekegren  et  al.,  1999;  Martin, 
1999).  Surprisingly,  little  attention  has  been  paid  to 
upper  motor  neurons  in  ALS  with  regard  to  cell  loss 
and  molecular  mechanisms  of  degeneration.  This 
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study  provides  much  needed  novel  data  on  upper 
motor  neurons  in  ALS.  We  found  a  42%  loss  of  pyra¬ 
midal  neurons  in  layer  5  of  motor  cortex.  This  result 
is  consistent  the  loss  of  the  neuronal  nuclear  pro¬ 
tein  NeuN  found  by  immunoblotting  (Martin,  200 1 ). 
The  death  of  motor  neurons  in  ALS  may  be  a  form 
of  apoptosis  based  on  structural,  biochemical,  and 
molecular  evidence  (Martin,  1999,  2000,  2001), 
although  this  interpretation  has  been  contested  (He 
and  Strong,  2000).  Other  groups  now  believe  that 
apoptosis  has  a  prominent  contribution  to  the  patho¬ 
genesis  of  ALS  (Mattson  et  al.,  1999;  Sathasivam  et 
al.,  2001)  and  in  mouse  models  of  FALS  (Vukosavic 
et  al.,  1999;  Gonzalez  de  Aguilar  et  al.,  2000).  How¬ 
ever,  it  is  unlikely  that  apoptosis  is  the  sole  defining 
event  in  ALS  because  motor  neurons  in  this  disease 
are  believed  to  be  impaired  over  a  long  period  of  time. 

It  is  not  yet  clear  when  APE  is  increased  in  motor 
neurons  during  the  disease  process  of  ALS.  Motor 
neurons  displaying  APE/Ref-1  immunoreactivity 
in  ALS  cases  are  usually  in  the  chromatolytic  and 
somatodendritic  atrophy  stages  of  degeneration.  It 
is  possible  that  APE/Ref-1  is  induced  in  response 
to  oxidative  stress  occurring  during  the  chroma¬ 
tolytic  stage  of  motor  neuron  degeneration.  Recent 
studies  have  shown  that  neurons  undergoing 
apoptosis  in  animal  models  pass  through  three 
major  structural  stages  of  degeneration:  chromato¬ 
lysis,  somatodendritic  atrophy,  and  apoptosis 
(Al-Abdulla  and  Martin,  1998;  Martin  et  al.,  1999; 
Martin  and  Liu,  2002).  Motor  neurons  in  ALS  appear 
to  follow  this  staging  scheme  of  degeneration 
(Martin,  1999).  Early  during  chromatolysis  in  rat 
motor  neurons,  mitochondrial  metabolic  activity  is 
increased  and  concomitantly  OHdG  adducts  and 
DNA-SSB  are  formed  in  the  nucleus  (Martin  et  al., 
1999;  Martin  and  Liu,  2002) .  An  increase  in  APE  /  Ref- 
1  in  motor  neurons  in  ALS  may  be  indicative  of 
accumulating  oxidative  damage  to  DNA  during 
chromatolysis.  If  DNA  damage  exceeds  repair 
capacity  and  if  oxidative  stress  reaches  threshold 
for  cell  survival,  then  these  events  could  contribute 
to  the  initial  molecular  signals  for  the  suspected 
p53-dependent  motor  neuron  apoptosis  in  this  dis¬ 
ease  (Martin,  2000, 2001). 

Elevated  APE/Ref-1  in  ALS  may  signify  accu¬ 
mulated  DNA  damage  in  the  form  of  AP  sites  in 
ALS  motor  neurons.  DNA  damage  is  increased  in 
ALS  compared  to  age-matched  controls.  Elevated 
levels  of  oxidatively  damaged  DNA  in  the  form  of 
DNA  adducts  (e.g.,  8-oxodeoxyguanosine)  have 


been  found  in  spinal  cord  tissue  of  ALS  cases  (Fitz- 
maurice  et  al.,  1996).  In  addition,  increased  con¬ 
centrations  of  hydroxyl  radical  damaged  DNA  have 
been  found  in  the  motor  cortex  of  sporadic  ALS  cases 
(Ferrante  et  al.,  1997).  These  studies,  however,  did 
not  provide  evidence  for  the  contribution  of  motor 
neurons  to  the  pool  of  OHdG  detected  biochemi¬ 
cally.  We  have  detected  DNA  lesions  specifically  in 
motor  neurons  in  individuals  with  ALS  (Martin, 
2001).  Our  current  data  suggest  that  AP  sites  also 
accumulate  in  ALS  motor  neurons  since  APE,  which 
accomplishes  the  removal  of  AP  sites  (Subba  Rao, 
1993),  is  increased.  DNA  damage  in  ALS  may  accu¬ 
mulate  because  of  increased  generation  of  sponta¬ 
neous  DNA  lesions  caused  by  free  radicals  or 
through  defective  DNA  repair  mechanisms  (Tandan 
et  al.,  1987,  Kisby  et  al.,  1997).  Defective  repair  of 
DNA  in  ALS  could  be  the  result  of  loss-of-function 
mutations  in  APE/Ref-1.  Missense  mutations  in 
APE  were  found  in  8  of  11  ALS  cases  (Olkowski, 
1998).  However,  other  studies  have  found  that  APE 
mutations  do  not  occur  in  a  large  number  of  ALS 
cases  (Hayward  et  al.,  1999;  Tomkins  et  al.,  2000). 

It  is  not  yet  dear  whether  the  increased  activity 
of  APE  in  ALS  motor  neurons  is  compensatory  and 
beneficial  or  is  deleterious.  A  gain  of  function  in 
APE  could  result  from  increased  oxidative  stress 
and  DNA  damage.  A  gain  of  function  as  a  conse¬ 
quence  of  dysregulated  DNA  repair  enzyme  activ¬ 
ity  could  cause  nuclease  attacks  on  undamaged 
DNA,  resulting  in  subsequent  accumulation  of  DNA 
damage  and  spontaneous  acquired  mutations 
(Branum  et  al.,  2001 ).  To  remove  AP  sites  APE  cleaves 
DNA  adjacent  to  the  AP  site  and  creates  DNA-SSB 
(Subba  Rao,  1993).  DNA-SSB  can  activate  p53- 
dependent  apoptosis  (Jayaraman  and  Prives,  1995). 
In  animal  models  of  motor  neuron  degeneration, 
DNA-SSB  have  been  detected  in  motor  neurons 
early  in  the  process  of  p53-dependent  apoptosis 
(Martin  and  Liu,  2002).  The  possibility  that  DNA- 
SSB  participate  in  the  pathogenesis  of  ALS  is  con¬ 
sistent  with  our  previous  studies  of  p53  activation 
in  ALS  motor  neurons  (Martin,  2000,  2001).  It  will 
now  be  necessary  to  investigate  other  enzymes  in 
the  BER  pathway  to  determine  if  they  are  func¬ 
tioning  appropriately  in  ALS.  For  example,  APE 
could  be  functioning  normally  or  is  augmented  in 
the  presence  of  dysfunctional  downstream  DNA 
polymerase-p,  or  APE  could  be  responding  to  hyper¬ 
active  upstream  DNA  glycosylases,  thereby  con¬ 
tributing  to  the  accumulation  of  DNA-SSB.  Thus, 
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increased  activity  of  APE  and  possibly  other  DNA 
repair  enzymes  specifically  in  motor  neurons  with 
superimposed  stressors  could  contribute  to  the 
mechanisms  of  DNA  damage  in  ALS.  DNA  repair 
defects  may  not  emerge  in  invulnerable  cells  because 
they  are  divorced  from  other  injurious  stresses  or 
risk  factors.  An  acquired  DNA  repair  abnormality 
may  be  one  of  many  cell  stresses  for  motor  neurons 
that  define  their  selective  vulnerability  in  ALS. 

DNAdamage  is  an  upstream  signal  that  activates 
PCD  mechanisms  (Levine,  1997).  Several  different 
types  of  DNA  lesions  are  potent  signals  for  p53  acti¬ 
vation,  including  double-  strand  breaks  (DSB),  SSB, 
adduct  formation,  as  well  as  insertion/deletion  mis¬ 
matches  (Jayaraman  and  Prives,  1995;  Levine,  1 997). 
The  most  frequent  DNA  damage  is  the  formation 
of  AP  sites,  and  AP  sites  are  converted  to  SSB  in 
motor  neurons  (Liu  and  Martin,  2001b),  possibly 
through  the  activity  of  APE  (Subba  Rao,  1993).  AP 
lesions  occur  spontaneously  and  are  induced  by  ion¬ 
izing  radiation,  UV  irradiation,  chemically  initiated 
hydrolysis,  oxidizing  agents,  as  well  as  by  removal 
of  modified  bases  by  DNA  glycosylases  that  func¬ 
tion  in  BER.  Estimates  indicate  that  a  human  cell 
sustains  -10,000  DNAlesions  per  day  due  to  metab¬ 
olism-generated  free  radicals  (Subba  Rao,  1 993)  and 
2,000-10,000  DNA  purine  bases  turnover  daily 
because  of  hydrolytic  depurination  and  subsequent 
repair  (Lindahl,  1993).  AP  sites  are  mutagenic.  The 
transduction  mechanisms  by  which  DNA  damage 
is  converted  to  proapoptosis  signals  are  poorly 
delineated  in  neurons.  However,  a  variety  of  mol¬ 
ecules,  mostly  protein  kinases  (e.g.,  DNA-protein 
kinase,  ATM,  MEKK-1,  and  c-Abl)  have  been  iden¬ 
tified  that  contribute  to  early  apoptotic  signaling 
and  may  link  DNA  damage  to  p53  activation  by 
phosphorylation  in  non-neuronal  cells  (Kohn,  1 999). 
p53  activation  has  been  found  in  ALS  motor  neu¬ 
rons  (Martin,  2001)  and  in  animal  models  of  motor 
neuron  apoptosis  (Liu  and  Martin,  2001b;  Martin 
and  Liu,  2002). 

Our  findings  dispute  the  only  other  study  of  APE 
levels  and  activity  in  ALS  that  reported  a  loss  of  pro¬ 
tein  and  enzyme  function  (Kisby  et  al.,  1997).  An 
unspecified  region  of  frontal  cortical  tissue  was  eval¬ 
uated  in  the  earlier  study  (Kisby  et  al.,  1997).  We 
specifically  evaluated  selectively  vulnerable  and 
nonvulnerable  regions  of  neocortex.  We  analyzed 
APE /Ref-1  in  confirmed  nuclear-enriched  and  sol¬ 
uble  fractions,  and  the  measurements  were  nor¬ 
malized  for  total  protein.  In  these  and  other  aspects, 
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the  experimental  designs  of  the  two  studies  are  very 
different. 

APE  /  Ref-1  is  of  particular  interest  to  ALS  because 
human  APE  is  also  a  multifunctional  protein  that 
functions  as  a  redox  factor  (redox  factor-1,  Ref-1). 
This  protein  regulates  intracellular  redox  state.  It 
reduces  cysteine  residues  in  several  DNA  binding 
proteins  (Xanthoudakis  and  Curran,  1992). 
APE/Ref-1  facilitates  the  DNA-binding  of  numer¬ 
ous  transcription  factors  through  redox  modulation 
(Xanthoudakis  and  Curran,  1992).  Thus,  an  increase 
in  APE/Ref-1  is  consistent  with  the  role  of  oxida¬ 
tive  stress  in  the  pathogenesis  of  ALS.  Mutations 
have  been  identified  in  the  gene  for  superoxide  dis- 
mutase-1  (SOD1)  in  a  small  subset  of  individuals 
with  FALS  (Rosen  et  al.,  1993;  Deng  et  al.,  1993). 
Mutant  SOD1  may  acquire  a  neurotoxic  gain  in  func¬ 
tion,  converting  this  enzyme  from  a  protein  with 
antioxidant-antiapoptotic  functions  to  a  protein 
with  oxidative  stress-  and  apoptosis-promoting 
effects  (Rabizadeh  et  al.,  1995).  Peroxidase  activity 
of  mutant  SOD1  is  increased  compared  to  wild- type 
SOD1  (Wiedau-Pazos  et  al.,  1996).  This  gain-of- 
function  enhances  the  production  of  hydroxyl  and 
superoxide  radicals,  and  possibly  the  formation  of 
peroxynitrite  by  the  combination  of  superoxide  and 
nitric  oxide  (Beckman  et  al.,  1993;  Wiedau-Pazos  et 
al.,  1996).  These  altered  properties  of  mutant  SOD1 
have  not  yet  been  causally  linked  specifically  to 
motor  neuron  damage  in  ALS.  However,  DNA 
damage  from  hydroxyl  radicals  has  been  found  in 
cases  of  ALS  (Ferrante  et  al.,  1997;  Martin,  2001)  and 
in  mutant  SOD1  mice  (Warita  et  al.,  2001).  Recent 
in  vitro  experiments  show  that  exposure  of  motor 
neurons  to  nitric  oxide  (NO)  donors,  H202,  or  NO 
donor  plus  H2Oz  induces  rapidly  AP  sites  and  SSB 
in  DNA  and  causes  motor  neuron  degeneration  struc¬ 
turally  similar  to  that  found  in  ALS  (Liu  and  Martin, 
2001a,b).  Peroxynitrite  induces  AP  sites,  SSB  and  DSB 
in  motor  neuron  DNA  (Liu  and  Martin,  2001b).  In  an 
in  vivo  model  of  motor  neuron  apoptosis,  AP  sites 
and  SSB  accumulate  slowly  in  injured  motor  neu¬ 
rons  before  apoptotic  nuclear  features  emerge,  and 
the  DNA  damage  fingerprint  is  similar  to  NO  toxic¬ 
ity  (Liu  and  Martin,  2001a).  Therefore,  different  exper¬ 
imental  systems  with  motor  neurons  show  that  when 
these  cells  are  challenged  by  oxidative  stress  and  axo- 
tomy,  they  accumulate  DNA  damage  early  in  their 
degeneration  and  that  the  formation  of  peroxynitrite 
is  involved  in  the  neurotoxic  mechanisms.  In  sup¬ 
port  of  our  observations,  it  has  been  shown  that  NO 
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inactivates  DNA  repair  enzymes  and  leads  to  DNA 
damage  (Jaiswal  et  al.,  2000). 

We  have  proposed  that  oxidative  stress-induced 
DNA  damage  is  an  upstream  signal  for  motor 
neuron  degeneration  in  ALS  (Martin,  2001).  It  was 
proposed  nearly  20  years  ago  that  DNA  damage  has 
a  role  in  the  pathogenesis  of  ALS  (Bradley  and 
Krasin,  1982).  It  has  been  discovered  only  recently 
that  these  patients  accumulate  DNA  lesions  specif¬ 
ically  in  motor  neurons  (Martin,  2001)  and  that  p53 
may  be  involved  in  the  mechanisms  of  motor  neuron 
degeneration  in  ALS  through  apoptosis  (Martin, 
1999;  Martin  2000).  The  finding  that  APE/Ref-1  is 
elevated  in  ALS  further  supports  the  possibility  that 
oxidative  stress-induced  or  hyperactive  APE- 
induced  DNA  damage  contributes  to  the  patho¬ 
genesis  of  ALS. 
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ABSTRACT 

Neuronal  apoptosis  is  induced  prominently  in  the  newborn  rodent  brain  by  glutamate  receptor  ex- 
citotoxicity  and  related  insults,  including  trauma  and  hypoxia-ischemia.  However,  the  molecular 
mechanisms  of  this  neurodegeneration  are  unclear.  We  tested  the  hypothesis  that  changes  in  the 
subcellular  distribution  of  the  proapoptotic  protein  Bax  precede  the  activation  of  downstream  apop¬ 
tosis-effector  mechanisms  such  as  caspase-3  cleavage  and  endonuclease  activation  during  the  pro¬ 
gression  of  excitotoxic  neuronal  apoptosis  in  the  striatum  of  newborn  rat.  Kainic  acid  (4  nmol)  was 
injected  into  striatum  of  anesthetized  7-day-old  rats,  and  the  animals  were  killed  at  2,  6, 12,  and  24 
h  postinsult.  Controls  were  age-matched,  vehicle-injected,  or  naive  rats.  Counts  of  ultrastructurally 
confirmed  striatal  neuron  apoptosis  in  brain  sections  were  highest  at  24  h.  Striatal  tissue  was  mi- 
crodissected  and  fractionated  into  cytosolic,  mitochondrial-,  and  nuclear-enriched  compartments. 
Immunoblots  showed  that  Bax  translocates  from  the  cytosol  fraction  to  the  mitochondrial  fraction, 
with  maximal  translocation  by  2  h  in  the  absence  of  changes  in  mitochondrial  accumulation.  Cleaved 
caspase-3  levels  increase  progressively  in  both  cytosolic  and  mitochondrial  fractions  between  6  and 
24  h.  Cleaved  caspase-3  accumulates  in  apoptotic  striatal  neurons  as  shown  by  immunolocalization. 
Internucleosomal  fragmentation  of  DNA  coincides  with  caspase-3  cleavage.  We  conclude  that  rapid 
translocation  of  Bax  to  mitochondria  precedes  caspase-3  and  endonuclease  activation  during  exci¬ 
totoxic  neuronal  apoptosis  in  newborn  rat  brain  and  that  initiation  of  this  death  cascade  occurs 
within  2  h  after  glutamate  receptor  activation. 

Key  words:  brain  trauma;  glutamate  receptor;  mitochondria;  neonatal  brain  injury;  neuronal  cell  death 


INTRODUCTION 

Apoptosis  is  a  form  of  cell  death  that  is  organized 
and  mediated  by  active,  intrinsic  mechanisms  (Kerr 
and  Harmon,  1991).  In  the  nervous  system,  apoptosis  is 
important  for  several  reasons.  Neurons  and  nonneuronal 


cells  in  the  developing  nervous  system  normally  undergo 
apoptosis  through  programmed  cell  death  (Gliicksmann, 
1951;  Oppenheim,  1991;  Martin,  2001),  and  defective 
apoptosis  during  CNS  development  can  cause  profound 
cerebral  malformations  (Kuida  et  al.,  1996;  Hakem  et  al., 
1998;  Yoshida  et  al.,  1998).  Neurons  in  the  immature  ro- 
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dent  CNS  undergo  vigorous,  structurally  confirmed  apop¬ 
tosis  in  response  to  a  variety  of  injuries.  These  injurious 
stimuli  include  hypoxia-ischemia  (Northington  et  al., 
2001a, b),  trauma  (Bittigau  et  al.,  1999),  axotomy  and  tar¬ 
get  deprivation  (LaVelle  and  LaVelle,  1958;  Torvik, 
1976;  Martin,  2001),  and  glutamate  receptor  excitotoxi- 
city  (Portera-Cailiiau  et  al.,  1997a,b).  In  some  forms  of 
brain  injury,  the  type  of  neuronal  death  (i.e.,  necrosis  ver¬ 
sus  apoptosis)  is  influenced  by  CNS  maturity.  Apoptosis 
is  much  more  prominent  after  injury  in  the  immature 
brain  compared  to  the  mature  brain  (Portera-Cailiiau  et 
al.,  1997b),  but  unequivocal  neuronal  apoptosis  is  also 
found  in  the  adult  CNS  after  injury  (Martin,  2001).  There¬ 
fore,  understanding  the  molecular  regulation  of  apopto¬ 
sis  is  relevant  to  not  only  nervous  system  development 
but  also  neurodegeneration  in  pathological  conditions  af¬ 
fecting  the  CNS  of  fetuses,  newborns,  and  adults. 

The  understanding  of  the  mechanisms  of  apoptosis  in 
postmitotic  cells  such  as  neurons  is  less  advanced  com¬ 
pared  to  nonneural  cells.  Nevertheless,  seminal  work  has 
been  done  on  the  mechanisms  of  apoptosis  in  cultured 
neurons  deprived  of  neurotrophin  (Deckwerth  et  al., 
1996;  Easton  et  al.,  1997;  Putcha  et  al.,  1999).  These  stud¬ 
ies  have  established  that  neuronal  apoptosis  induced  in 
vitro  by  trophic  factor  deprivation  depends  on  Bax  and 
its  mitochondrial  translocation.  Some  of  the  critical  mol¬ 
ecules  that  control  injury-induced  neuronal  apoptosis  in 
the  developing  (Martinou  et  al.,  1994;  Farlie  et  al.,  1995; 
Deckwerth  et  al.,  1996)  and  adult  (Martin  et  al.,  2001; 
Martin  and  Liu,  2002)  CNS  have  been  identified.  How¬ 
ever,  these  previous  studies  have  used  models  of  axo¬ 
tomy  and  target  deprivation.  The  mechanisms  of  neuronal 
apoptosis  in  excitotoxicity-related  insults  in  the  develop¬ 
ing  brain  are  largely  unknown.  We  tested  the  hypothesis 
that  a  change  in  the  subcellular  distribution  of  the 
proapoptotic  protein  Bax  is  an  early  event  during  the  pro¬ 
gression  of  excitotoxic  neuronal  apoptosis  in  newborn  rat 
brain. 

MATERIALS  AND  METHODS 

Animals 

Animal  care  was  provided  in  accordance  with  the  Na¬ 
tional  Institutes  of  Health  Guide  for  the  Care  and  Use  of 
Laboratory  Animals.  The  Animal  Care  and  Use  Com¬ 
mittee  of  the  Johns  Hopkins  University  School  of  Med¬ 
icine  approved  the  animal  protocol.  All  efforts  were  made 
to  minimize  both  the  suffering  and  the  number  of  ani¬ 
mals  used.  Timed-pregnant  Sprague-Dawley  rats  were 
purchased  from  Charles  River  Laboratory  (Wilmington, 
MA).  The  day  of  delivery  was  designated  as  P0.  Pups 
were  housed  with  a  nursing  mother  in  the  laboratory  an¬ 


imal  suite  with  an  ambient  temperature  of  23°C,  12-h 
light/dark  cycle,  and  ad  libitum  access  to  food  and 
water. 

At  7  days  of  age,  kainic  acid  (KA)  was  injected  into 
the  striatum  of  rat  pups.  Postnatal  day  7  (P7)  was  cho¬ 
sen  because  naturally  occurring  programmed  cell  death 
in  striatum  is  near  completion  at  this  time  (Martin,  2001) 
and  because  P7  rats  are  used  commonly  in  a  model  neona¬ 
tal  hypoxia-ischemia,  which  induces  striatal  neuron  apop¬ 
tosis  (Nakajima  et  al.,  2000;  Northington  et  al.,  2001b). 
KA  (Sigma,  St.  Louis,  MO)  was  dissolved  in  100  mM 
phosphate-buffered  saline  (PBS,  pH  7.4)  and  was  stored 
in  the  dark  at  -20°C  until  used.  Pups  were  deeply  anes¬ 
thetized  (enflurane/nitrous  oxide/oxygen)  and  were 
placed  in  a  neonatal  rat  stereotaxic  apparatus  (Stoelting, 
Wood  Dale,  IL).  Surgical  anesthesia  was  maintained  with 
enflurane  and  nitrous  oxide.  Body  temperature  was  main¬ 
tained  with  external  warming.  The  scalp  was  cleaned  with 
betadine  and  70%  isopropyl  alcohol  prior  to  making  a 
midsaggital  incision.  A  burr  hole  in  the  skull  over  the 
right  hemisphere  was  made  with  a  dental  drill.  KA  (4 
nmol,  300  nL  total  volume)  or  an  equal  volume  of  PBS 
was  injected  stereotaxically  with  a  Hamilton  syringe  into 
the  striatum  (0.5  mm  anterior  and  1.5  mm  lateral  to 
Bregma;  2.5  mm  ventral  to  the  dura).  The  neurotoxin  and 
buffer  were  injected  over  1  min,  and  the  needle  was  left 
in  place  for  5  min  before  it  was  withdrawn  slowly. 

After  the  intracerebral  injections,  the  animals  were  sac¬ 
rificed  at  2,  6,  12,  and  24  h.  Pups  were  triaged  into  two 
groups  for  different  types  of  experiments.  Some  animals 
were  perfusion  fixed  for  neuropathological  analysis  of  the 
brain  by  light  and  electron  microscopy  (EM).  Other  an¬ 
imals  were  quickly  decapitated  and  their  brains  were 
rapidly  removed  for  biochemical  experiments.  For  ho¬ 
mogenate-based  assays,  the  ipsilateral  and  contralateral 
striata  from  at  least  four  to  six  animals  were  pooled  for 
each  time  point.  Controls  animals  were  rats  that  were  in¬ 
jected  with  PBS  and  rats  that  were  naive  and  received  no 
injections. 

Structural  Analysis  of  Neuronal  Apoptosis 

For  histological  studies,  pups  were  anesthetized  with 
8%  chloral  hydrate  (6  mg/g  body  weight,  ip).  The  pups 
were  perfusion-fixed  through  the  left  ventricle  with  20 
mL  of  PBS  (100  mM,  pH  7.4)  followed  by  4% 
paraformaldehyde  in  PBS  (120  mL).  Brains  were  allowed 
to  fix  in  situ  for  2  h  and  then  were  removed  from  the 
skull,  cryoprotected  in  20%  glycerol,  and  frozen,  and  then 
serial  coronal  sections  (40  pm  in  thickness)  were  cut 
through  the  entire  striatum  using  a  sliding  microtome. 
Every  fifth  section  was  mounted  on  gelatin-coated  mi¬ 
croscope  slides,  dried,  dehydrated  with  alcohols,  defat¬ 
ted  with  xylene,  and  stained  with  cresyl  violet. 
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At  24  h  postlesion,  KA-  and  PBS-injected  rat  pups 
(n  =  2  per  time-point)  were  injected  with  an  overdose  of 
chloral  hydrate  and  were  perfused  for  EM  with  1% 
paraformaldehyde/0. 1%  glutaraldehyde  in  100  mM  phos¬ 
phate  buffer  followed  by  2%  paraformaldehyde/2%  glu¬ 
taraldehyde  in  phosphate  buffer.  Brains  were  postfixed 
in  situ  with  the  same  fixative.  The  striatal  samples  were 
microdissected  from  each  brain,  rinsed  in  100  mM  phos¬ 
phate  buffer,  placed  in  2%  osmium  tetroxide  for  2  h,  de¬ 
hydrated  and  embedded  in  plastic.  Semithin  sections  (1 
/xm)  stained  with  1%  toluidine  blue  were  screened  for  ar¬ 
eas  of  interest,  and  then  thin  sections  were  cut  on  an  ul¬ 
tramicrotome  (Sorvall,  Norwalk,  CT),  contrasted  with 
uranyl  acetate  and  lead  citrate,  and  viewed  with  a  Jeol 
100S  electron  microscope. 

Quantification  of  Apoptotic  Cells  in  the  Striatum 

Cresyl  violet-stained  sections  were  used  to  count  end- 
stage  apoptotic  cells  in  the  striatum  of  pups  at  2,  6,  12, 
and  24  h  after  the  excitotoxic  lesion.  Apoptotic  cells  were 
shrunken  and  round  with  a  translucent  rim  of  cytoplasm, 
detached  from  surrounding  neuropil,  and  with  two  or 
more  sharply  delineated,  uniformly  dense,  smooth,  round, 
regularly  shaped  discrete  masses  of  dark  purple  chro¬ 
matin.  Counts  of  end-stage  apoptotic  cells  were  made  in 
six,  nonoverlapping  high-power  fields  (1,000X)  in  the 
middle  of  each  striatum  in  the  rostrocaudal  axis.  Each 
field  was  counted  twice  with  the  mean  number  of  apop¬ 
totic  cells  reported. 

DNA  Fragmentation  Analysis 

To  identify  the  pattern  of  DNA  fragmentation  after  ex¬ 
citotoxic  lesions,  DNA  was  extracted  from  nuclear-en- 
riched  fraction  isolated  from  microdissected  ipsilateral  or 
contralateral  striatum  from  PBS-injected  and  KA-in- 
jected  pups  that  survived  for  2,  6,  12,  and  24  h.  Striatal 
samples  were  treated  with  proteinase  K  overnight,  ge¬ 
nomic  DNA  was  extracted  with  phenol/chloroform/ 
isoamyl  alcohol.  DNA  concentration  was  determined 
spectrophotometrically.  After  digesting  RNA  with 
DNase-free  RNase  followed  by  repurification,  DNA  (~2 
jxg)  was  end-labeled  with  digoxigenin-ll-dd-UTP  using 
terminal  deoxynucleotidyl  transferase.  DNA  was  frac¬ 
tionated  in  a  1.5%  agarose  gel,  transferred  to  a  nylon 
membrane,  and  crosslinked  with  ultraviolet  light.  Mem¬ 
branes  were  incubated  in  2%  nucleic  acid  blocking 
reagent  containing  anitdigoxigenin  Fab  fragments 
(Boehringer  Mannheim)  conjugated  to  alkaline  phos¬ 
phatase  (7.5  Units),  and  detected  with  disodium  3- 
(4-methoxyspiro[l,2-dioxetane-3,2'-(5"-chloro) 
tricyclo[3.3. 1  ]decan)-4-yl)  phenyl  phosphate  (CSPD, 
Boehringer  Mannheim)  followed  by  exposure  to  Kodak 
X-Omat  AR  film. 


Measurement  of  Cell  Death  Proteins 
by  lmmunoblotting 

Striatal  tissue  was  homogenized  and  separated  into 
subcellular  fractions  enriched  in  soluble  proteins  (S2), 
mitochondrial  membranes  (P2),  and  nuclei  (PI).  The  nu¬ 
clear  fractions  were  used  for  genomic  DNA  extractions. 
The  level  of  Bax  and  caspase-3  immunoreactivity  in  P2 
and  S2  fractions  at  each  time  point  was  measured  by 
immunoblotting.  Subcellular  fractions  were  prepared  by 
homogenizing  striatal  samples  in  cold  20  mM  Tris  HC1 
(pH  7.4)  containing  10%  (wt/vol)  sucrose,  20  U/mL 
aprotinin  (Trasylol),  20  jtxg/mL  leupeptin,  20  /xg/mL  an¬ 
tipain,  20  jxg/mL  pepstatin  A,  20  /xg/mL  chymostatin, 
0.1  mM  phenylmethylsulfonyl  fluoride,  10  mM  benza- 
midine,  l  mM  EDTA,  and  5  mM  EGTA.  Homogenates 
were  centrifuged  at  1,000 gav  for  10  min  (4°C),  and  the 
resulting  pellet  (PI  fraction)  was  resuspended  in  ho¬ 
mogenization  buffer  (without  sucrose)  supplemented 
with  20%  (wt/vol)  glycerol.  The  supernatant  was  then 
centrifuged  at  54,000gav  for  20  min  (4°C)  to  yield  sol¬ 
uble  (S2)  and  membrane  (P2)  fractions.  This  subcellu¬ 
lar  fractionation  method  has  been  verified  by  or¬ 
ganelle/enzyme  markers  (Martin,  2000).  Protein 
concentrations  in  different  fractions  were  measured  by 
a  Bio-Rad  protein  assay  with  bovine  serum  albumin  as 
a  standard. 

Protein  (20  /xg  for  Bax;  25-40  jug  for  caspase-3  blots) 
from  P2  and  S2  fractions  were  resolved  by  SDS-PAGE 
and  transferred  to  nitrocellulose  filters  by  electroblotting. 
The  reliability  of  sample  loading  and  electroblotting  in 
each  experiment  was  evaluated  by  staining  nitrocellulose 
membranes  with  Ponceau  S  before  immunoblotting.  Ni¬ 
trocellulose  membranes  were  blocked  in  2.5%  or  5% 
(w/v)  nonfat  dry  milk  in  Tris-buffered  saline  (TBS).  The 
following  antibodies  were  used:  rabbit  polyclonal  anti¬ 
bodies  against  Bax  N-terminus  (Upstate,  antibody  06- 
499),  Bax  N-terminus  (Santa  Cruz,  antibody  N-20),  cas¬ 
pase-3  (Santa  Cruz,  antibody  H-277),  cleaved  caspase-3 
(Cell  Signaling  Technology,  antibody  D175),  and  mon¬ 
oclonal  antibody  to  cytochrome  c  oxidase  subunit  1  (Mol¬ 
ecular  Probes).  After  overnight  incubation  with  the  pri¬ 
mary  antibodies  in  TBS  supplemented  with  nonfat  dry 
milk  and  0.05%  or  0.1%  (v/v)  Tween-20,  membranes 
were  rinsed  and  then  incubated  with  peroxidase-conju¬ 
gated  secondary  antibody,  and  immunoreactive  proteins 
were  visualized  with  enhanced  chemiluminescence 
(Amersham  or  Pierce)  and  exposure  to  radiographic  film. 

To  quantify  Bax,  caspase-3,  and  cytochrome  c  oxidase 
subunit  1  (Coxl)  immunoreactivity,  films  were  scanned 
and  analyzed  by  densitometry.  Protein  levels  were  ex¬ 
pressed  as  relative  optical  density  measurements.  The 
measurements  were  normalized  to  protein  loaded  in  each 
lane  as  determined  by  total  protein  staining  of  gels.  Im- 
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munoblotting  results  were  replicated  in  two  to  four  dif¬ 
ferent  experiments. 

Immunolocalization  of  Cleaved  Caspase-3  in 
Neonatal  Striatum  after  KA  Lesions 

The  localization  of  cleaved  caspase-3,  presumably  rep¬ 
resenting  active  caspase-3,  was  examined  in  striatum  dur¬ 
ing  apoptosis  at  the  light  microscopic  level  in  rat  pups. 
Caspase-3  was  detected  using  a  standard  immunoperox- 
idase  method  with  diaminobenzidine  as  chromogen. 
Brain  sections  that  were  near  adjacent  to  those  used  for 
cresyl  violet  staining  and  cell  counting  were  used.  Cas- 
pase-3  was  detected  with  a  rabbit  polyclonal  antibody 
(Cell  Signaling  Technology,  D175)  that  specifically  de¬ 
tects  a  cleaved  (active)  form  of  caspase-3;  the  specificity 
of  this  antibody  was  confirmed  by  immunoblotting.  Im- 
munocytochemical  sections  were  viewed  without  coun- 
terstaining  and  then  with  cresyl  violet  counterstaining  to 
visualize  apoptotic  cells. 


RESULTS 

KA  Lesions  Induce  Large-Scale  Neuronal 
Apoptosis  in  Neonatal  Rat  Brain 

The  striatum  is  composed  of  a  population  of  neurons 
that  is  relatively  homogeneous  morphologically  as  seen 
by  cresyl  violet  staining  (Fig.  1A).  KA  induces  promi¬ 
nent  apoptosis  of  these  neurons  in  newborn  rat  striatum 
(Fig.  1).  The  apoptosis  was  identified  by  light  microscopy 
(Fig.  1B,C),  EM  (Fig.  ID),  and  intemucleosomal  frag¬ 
mentation  of  DNA  (Fig.  1G).  The  morphology  of  this  de¬ 
generation  is  very  indicative  of  apoptosis.  In  cresyl  vio¬ 
let-stained  sections,  neuronal  cell  bodies  are  shrunken 
and  chromatin  is  aggregated  into  multiple  small,  round 
masses  or  into  few,  larger,  dense. chromatin  masses  (Fig. 
1B,C).  Most  of  the  end-stage  apoptosis  emerges  between 
12  and  24  h  after  the  insult  (Fig.  IF).  At  24  h  after  ex- 
citotoxic  exposure,  neuronal  apoptosis  is  widespread  with 
thousands  of  striatal  cells  at  or  near  end-stage  apoptosis 
(Fig.  1C,F).  EM  was  used  to  confirm  the  apoptosis.  By 
24  h  postlesion,  the  ultrastructure  of  degenerating  neu¬ 
rons  is  characterized  by  prominent  cytoplasmic  and  nu¬ 
clear  condensation  with  chromatin  compaction  into  uni¬ 
formly  large  round  clumps  within  the  nucleus  (Fig.  ID). 
Based  on  cell  size,  nuclear  morphology  and  number  pre¬ 
sent,  these  apoptotic  profiles  appear  to  be  neurons  at  low 
fnagnification.  This  interpretation  was  confirmed  by  EM 
evidence  at  high  magnification  revealing  that  these  cells 
are  contacted  by  residual  axosomatic  synapses  (Fig.  IE). 

The  pattern  of  genomic  DNA  fragmentation  in  the 


striatum  was  used  as  a  marker  for  cell  death.  An  inter- 
nucleosomal  (“ladder”)  pattern  of  DNA  fragmentation  is 
prominent  in  the  ipsilateral  striatum  at  12  and  24  h  after 
unilateral  intrastriatal  injection  of  KA  (Fig.  1G).  A  faint 
ladder  is  present  at  6  h  (Fig.  1G).  Between  12  and  24  h, 
the  DNA  fragmentation  progresses  from  higher  molecu¬ 
lar  weight  forms  to  lower  molecular  weight  DNA  frag¬ 
ments  (Fig.  1G).  Genomic  DNA  extracted  from  the  con¬ 
tralateral  striatum  from  the  same  KA-injected  pups  and 
from  PBS  controls  had  no  detectable  DNA  fragmentation 
at  the  same  recovery  times  (Fig.  1G). 

Validation  of  Immunoblot  Assay  System 

Demonstrating  that  proteins  were  measured  within  the 
linear  range  of  detection  validated  the  immunoblot  assay 
(Fig.  2).  Gels  were  loaded  with  increasing  amounts  of  to¬ 
tal  protein  and  probed  with  antibodies  to  Bax  (Fig.  2,  left 
panel)  or  Cox  1  (Fig.  2,  right  panel).  The  detection  of  Bax 
in  the  soluble  fraction  was  linear  between  1  and  30  pg 
of  total  protein  (Fig.  2,  left  panel).  The  detection  of  Coxl 
in  mitochondrial  fractions  was  linear  between  5  and  30 
pg  of  total  protein  (Fig.  2,  right  panel). 

Bax  Levels  in  Striatal  Mitochondrial  Fractions 
Change  with  Maturation 

Animal  age  influences  the  induction  of  neuronal  apop¬ 
tosis  (Martin  et  al.,  1998).  After  KA  lesions,  newborn  rat 
pups  exhibit  a  more  robust  classical  apoptosis  response 
compared  to  adult  rats  (Portera-Cailliau  et  al.,  1997a,b). 
Similarly,  after  brain  trauma  and  cerebral  hypoxia- 
ischemia  (Northington  et  al.,  2001b;  Martin,  2001),  the 
classical  apoptosis  component  of  the  neurodegeneration 
is  more  prominent  in  newborn  rodents  compared  to 
adults.  To  begin  to  understand  this  age-related  cell  death 
response  in  vivo,  the  subcellular  distribution  of  Bax  was 
examined  in  the  developing  rat  striatum/ 

From  naive  rats,  striatal  samples  were  microdissected 
and  fractionated  by  differential  centrifugation  into  mito- 
chondrial-enriched  (P2)  and  soluble  (S2)  compartments 
(Fig.  3A).  The  mitochondrial  fraction  is  enriched  in  the 
mitochondrial  membrane  protein  Coxl  (Fig.  2,  right 
panel,  and  Fig.  3B).  Soluble  fractions  did  not  contain 
Coxl  (data  not  shown).  The  ratio  of  mitochondrial  Bax 
to  soluble  Bax  is  higher  in  the  immature  striatum  com¬ 
pared  to  the  mature  striatum  (Fig.  3A,C).  In  the  imma¬ 
ture  striatum,  more  Bax  is  present  in  the  mitochondrial 
compartment  compared  to  the  soluble  compartment;  in 
contrast,  in  the  adult  striatum,  more  Bax  is  present  in  the 
soluble  fraction  compared  to  the  mitochondrial  compart¬ 
ment.  This  change  occurs  gradually  with  maturation,  dur¬ 
ing  which  time  mitochondrial  protein  increases  (Fig. 
3B,D). 
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FIG.  1.  Intrastriatal  excitotoxic  lesions  in  newborn  rat  induce  copious  apoptosis.  (A-C)  Cresyl  violet-stained  sections  of  P7  rat 
pup  brain  showing  the  normal  immature  striatum  with  a  uniform  population  of  neurons  (A)  and  the  KA-lesioned  striatum  with 
neuronal  apoptosis  at  12  h  (B,  arrows)  and  24  h  (C,  arrows).  (D)  EM  confirms  the  apoptosis  of  striatal  neurons  (cell  at  right)  af¬ 
ter  excitotoxic  injury  with  KA.  A  normal  cell  is  shown  (at  left)  for  comparison.  The  apoptotic  neuron  (n)  has  a  dark  cytoplasm 
and  the  chromatin  is  packaged  into  uniformly  dark,  round  masses.  (E)  EM  reveals  that  apoptotic  cells  are  unequivocally  neurons 
(n)  because  they  are  contacted  by  presynaptic  terminals  (t)  that  form  axosomatic  synapses  (arrow).  (F)  Counts  of  apoptotic 
cells/mm2  after  intrastriatal  injection  of  KA.  Each  data  point  is  one  P7  rat.  (G)  Biochemical  verification  of  striatal  cell  apopto¬ 
sis  after  KA  lesions.  DNA  fragmentation  analysis  of  nuclear  fraction-extracted  genomic  DNA  of  lesioned  (ipsilateral,  I)  and  non- 
lesioned  (contralateral,  C)  P7  rat  striatum  at  2,  6,  12,  and  24  h  postinjection.  At  6  h,  DNA  fragmentation  is  faint.  At  12  h,  an  in- 
temucleosomal  ladder  is  observed,  with  a  larger  proportion  of  high  molecular  weight  fragments.  At  24  h,  there  is  prominent  DNA 
fragmentation,  with  a  larger  proportion  of  low  molecular  weight  fragments,  consistent  with  increasing  endonuclease  activity.  In- 
temucleosomal  DNA  fragmentation  was  not  observed  in  the  striatum  of  PBS-injected  pups. 
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FIG.  2.  Immunoblot  detection  of  proteins  within  the  linear  range.  Immunoblot  of  Bax  in  soluble  fractions  of  developing  rat 
striatum  (left  panel).  The  corresponding  protein  stain  of  the  gel  is  shown.  The  graph  shows  the  optical  density  of  Bax  im- 
munoreactivity  (IR)  at  different  concentrations  of  total  protein  subjected  to  SDS-PAGE.  Immunoblot  of  Coxl  in  mitochondrial 
fractions  of  developing  rat  striatum  (right  panel).  The  corresponding  protein  stain  of  the  gel  is  shown.  The  graph  shows  the  op¬ 
tical  density  of  Cox  immunoreactivity  (IR)  at  different  concentrations  of  total  protein  subjected  to  SDS-PAGE. 


Bax  Translocates  Rapidly  into  the  Mitochondrial 
Fraction  Early  During  Excitotoxic  Neuronal 
Apoptosis  in  Newborn  Rat  Striatum 

The  levels  of  Bax  in  mitochondrial-enriched  and  sol¬ 
uble  fractions  were  analyzed  during  the  progression  of 
excitotoxic  neuronal  apoptosis  (Fig.  4).  Bax  levels  de¬ 
crease  in  the  soluble  fraction  but  increase  correspond¬ 
ingly  in  the  mitochondrial-enriched  fraction  early  after 
KA  exposure  (Fig.  4A-C).  The  increase  in  Bax  within 
the  mitochondrial  fraction  is  maximal  within  2  h  after 
KA  (Fig.  4B,C).  This  prominent  change  at  2  h  after  KA 
was  confirmed  with  two  antibodies  that  detect  different 
epitopes  of  the  protein  (Fig.  4B,C).  Coxl  immunoreac¬ 
tivity  decreases  progressively  with  time  after  KA.  The 
loss  of  mitochondrial  marker  is  most  marked  at  24  h  af¬ 
ter  KA  (Fig.  4D),  consistent  with  the  prominent  end-stage 
apoptosis  found  at  this  time  point  (Fig.  1C,E,G). 

Caspase-3  is  Cleaved  During  Excitotoxic 
Neuronal  Apoptosis  in  the  Newborn  Rat  Striatum 

Activation  of  caspase-3  is  a  critical  downstream  event 
in  many  forms  of  PCD  (Kuida  et  al.,  1996).  We  evalu¬ 
ated  if  caspase-3  is  proteolytically  cleaved  during  exci¬ 
totoxic  neuronal  apoptosis.  The  levels  of  cleaved  caspase- 
3  increase  in  striatum  after  KA  lesions  (Fig.  5).  Formation 
of  cleaved  caspase-3  is  most  prominent  between  12  and 
24  h  after  lesioning  (Fig.  5B,C).  The  caspase-3  cleavage 
was  detected  with  two  antibodies  that  bind  different  epi¬ 
topes.  One  antibody  (Santa  Cruz)  revealed  that  cleaved 


caspase-3  undergoes  an  early  redistribution  into  the  mi¬ 
tochondrial-enriched  fraction  by  2  h  postlesion  followed 
by  a  later  increase  in  the  soluble  fraction  at  12-24  h  (Fig. 
5C).  An  early  translocation  of  caspase-3  is  consistent  with 
subcellular  fractionation  analyses  of  induced  apoptosis  in 
HeLa  cells  (Zhivotovsky  et  al.,  1999). 

An  immunocytochemical  localization  analysis  was  done 
using  the  antibody  that  recognizes  only  cleaved  caspase-3 
(Fig.  6).  In  the  striatum  of  naive  and  PBS-injected  P7  pups, 
only  occasional  isolated  cells  show  cleaved  caspase-3  im¬ 
munoreactivity  (not  shown),  consistent  with  previous  ob¬ 
servations  demonstrating  a  low  level  of  naturally  occurring 
developmental  programmed  cell  death  at  this  time  (Martin, 
2001).  At  12  h  after  intrastriatal  injection  of  KA,  a  marked 
increase  in  cleaved  caspase-3  is  found  throughout  the  stria¬ 
tum  (Fig.  6A,C,D),  while  much  less  cleaved  caspase-3  is 
visualized  in  the  contralateral  striatum  (Fig.  6B).  After  KA 
lesions,  cleaved  caspase-3  is  detected  primarily  in  neurons 
based  on  size,  moiphology,  and  distribution  (Fig.  6C).  Cas¬ 
pase-3  accumulates  in  the  cytoplasm  and  nucleus  of  neu¬ 
rons  showing  nascent  chromatin  condensation  at  12  h  (Fig. 
6D).  At  24  h  after  KA,  cleaved  caspase-3  is  detected  in 
many  cells  with  clearly  distinguishable  apoptotic  nuclei  and 
is  also  present  in  cellular  debris  within  the  neuropil  (Fig. 
6E,F),  while  the  contralateral  striatum  has  rare  staining  (Fig. 
6G).  The  prominent  formation  of  cleaved  caspase-3  occurs 
between  6  and  12  h  after  the  injury,  because  at  6  h  after 
the  KA  lesion  the  ipsilateral  striatum  shows  only  faint  stain¬ 
ing  (Fig.  6H),  but  at  12  h  the  staining  for  cleaved  caspase- 
3  is  intense  (Fig.  6A). 
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FIG.  3.  The  subcellular  distribution  of  Bax  changes  during  brain  maturation.  (A)  Immunoblots  of  Bax  in  mitochondrial-en- 
riched  (P2)  and  soluble  (S2)  fractions  of  developing  rat  striatum  at  postnatal  (P)  days  1,  5,  10,  16,  and  26,  and  in  adult  rat.  Die 
corresponding  protein  stain  of  the  gel  is  shown  for  normalization  to  total  protein.  (B)  Immunoblot  of  Coxl  levels  in  mitochon¬ 
drial  (P2)  fractions  in  striatum  of  developing  rats  from  postnatal  day  1  (PI)  to  adult.  Coxl  was  not  detected  in  the  S2  fraction 
(not  shown).  The  corresponding  protein  stain  of  the  gel  is  shown  for  normalization  to  total  protein.  (C)  Ratio  of  mitochondrial 
(P2)  Bax  to  soluble  (S2)  Bax  in  striatum  from  normal  rats  at  postnatal  days  1,  5,  7,  10,  16,  and  26  and  in  adult  rat.  Striatal  sam¬ 
ples  were  fractionated  into  mitochondrial-enriched  and  soluble  fractions.  Amount  of  Bax  is  indicated  by  the  ratio  of  Bax  im- 
munoreactivity  (IR)  in  immunoblots  over  total  protein  (TP).  (D)  Coxl  levels  (used  as  an  indirect  marker  for  mitochondrial  abun¬ 
dance)  increase  during  postnatal  maturation  of  the  striatum.  P2  fractions  were  probed  for  Coxl  by  immunoblotting  and  presented 
as  the  ratio  of  Coxl  immunoreactivity  (IR)  over  total  protein  (TP). 


DISCUSSION 

Brain  damage  is  a  leading  cause  of  pediatric  morbid¬ 
ity  and  mortality.  A  large  proportion  of  pediatric  brain 
injuries  results  from  two  primary  insults,  mainly  hypoxia- 
ischemia  and  trauma  (Kochanek  et  al.,  2000).  Although 


the  initial  pathophysiology  of  these  two  processes  is  quite 
distinct  from  each  other,  current  data  suggest  that  they 
have  common  molecular  pathways  that  lead  to  neuronal 
death.  Excitotoxic  activation  of  glutamate  receptors 
seems  to  be  shared  by  both  cerebral  ischemia  and  trauma 
(MacManus  and  Buchan,  2000;  Martin,  2001).  Neuronal 
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FIG.  4.  Bax  rapidly  redistributes  to  the  mitochondrial  compartment  early  during  excitotoxic  neuronal  apoptosis.  (A)  Immunoblots 
of  Bax  in  mitochondrial  (P2)  and  soluble  (S2)  fractions  of  striatum  isolated  from  P7  rat  at  2,  6,  12,  and  24  h  after  KA  (top  left). 
Cox-1  levels  in  mitochondrial  (P2)  fractions  during  excitotoxic  neuronal  apoptosis  (top  right).  The  corresponding  total  protein 
staining  of  the  gel  is  shown  for  normalization  to  protein  loading.  (B)  Quantification  of  Bax  immunoreactivity  (IR)  in  mitochon¬ 
drial  (P2)  and  soluble  (S2)  fractions  of  P7  rat  striatum  at  2,  6,  12,  and  24  h  after  KA.  Bax  was  detected  using  a  rabbit  polyclonal 
IgG  antibody  (Upstate  06-499)  that  recognizes  residues  1-21  of  human  Bax.  Each  bar  represents  the  ratio  of  Bax  IR  (normalized 
to  protein  loading)  in  KA-injected  animals  over  Bax  immunoreactivity  (normalized  to  protein  loading)  in  PBS-injected  animals. 
Control  animals  did  not  receive  either  injection.  (C)  Quantification  of  Bax  immunoreactivity  (IR)  in  mitochondrial  (P2)  and  sol¬ 
uble  (S2)  fractions  of  P7  rat  striatum  at  2,  6,  12,  and  24  h  after  KA.  Bax  IR  was  detected  with  polyclonal  IgG  antibody  whose 
epitope  maps  at  the  amino  terminus  of  human  Bax  (Santa  Cruz,  N-20).  Each  bar  represents  the  ratio  of  Bax  IR  (normalized  to 
protein  loading)  in  KA-injected  animals  over  Bax  immunoreactivity  (normalized  to  protein  loading)  in  PBS-injected  animals. 
Control  animals  did  not  receive  either  injection.  (D)  Mitochondrial  quantity  in  striatal  tissue  (P2  fractions)  after  KA  injection.  P2 
fractions  were  probed  with  antibody  to  Coxl,  and  mitochondrial  protein  content  is  indicated  by  the  ratio  of  Coxl  immunoreac- 
tivity  over  total  protein. 
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FIG.  5.  Cleavage  of  caspase-3  during  excitotoxic  neuronal  apoptosis.  (A)  Immunoblot  for  cleaved  caspase-3  in  mitochondrial- 
enriched  (P2)  and  soluble  (S2)  fractions  of  striatum  isolated  from  P7  rat  at  6,  12,  and  24  h  after  KA.  The  corresponding  protein 
stain  of  the  gel  is  shown  for  normalization  to  total  protein.  Caspase-3  is  activated  during  excitotoxic  neuronal  apoptosis.  The  pos¬ 
itive  control  for  cleaved  caspase-3  (far  left  lane)  is  cell  lysates  of  C6  cells  treated  with  250  /xg/mL  cytochrome  C.  (B,C)  Quan¬ 
tification  of  caspase-3  activation  during  excitotoxic  neuronal  apoptosis.  Bars  in  each  histogram  represents  the  amount  of  cleaved 
caspase-3  immunoreactivity  as  detected  with  antibody  that  specifically  detects  cleaved  subunits  (B,  D175)  and  antibody  that  de¬ 
tects  proenzyme  and  cleaved  caspase-3  (C,  H-277).  Amount  of  cleaved  caspase-3  is  expressed  as  cleaved  caspase-3  immunore¬ 
activity  (IR)  over  total  protein. 


apoptosis  is  a  prominent  feature  of  the  brain  damage  in¬ 
duced  in  the  newborn  rodent  brain  by  glutamate  recep¬ 
tor  excitotoxicity  (Portera-Cailliau  et  al.,  1997a,b)  and  re¬ 
lated  insults,  including  hypoxia-ischemia  (Northington  et 
al.,  2001a, b)  and  trauma  (Bittigau  et  al.,  1999).  Despite 
the  prominent  contribution  of  apoptotic  neurodegenera¬ 
tion  to  the  evolution  of  neonatal  brain  injury  in  rodents, 
the  mechanisms  of  excitotoxic  neuronal  apoptosis  are  still 
not  understood.  A  better  understanding  of  this  process  in 
a  newborn  rodent  model  of  brain  injury  may  provide  use¬ 
ful  therapeutic  directions  for  brain  injury  in  human  new¬ 
borns. 


We  used  an  animal  model  of  neurodegeneration  in¬ 
duced  by  KA  to  identify  biochemical  correlates  of  exci¬ 
totoxic  neuronal  apoptosis  in  the  neonatal  rat  striatum. 
This  brain  region  in  newborns  is  highly  vulnerable  to  ex¬ 
citotoxicity  (Portera-Cailliau  et  al.,  1997a)  and  hypoxia- 
ischemia  (Northington  et  al.,  2001b).  We  have  shown 
elsewhere  (Portera-Cailliau  et  al.,  1997a, b)  and  here  that 
intracerebral  administration  of  this  neurotoxin  causes  co¬ 
pious  neuronal  apoptosis  in  the  striatum.  The  apoptosis 
was  verified  structurally  with  light  microscopy  and  EM, 
and  by  immunolocalization  of  cleaved  caspase-3.  Ubiq¬ 
uitous  apoptosis  was  observed  at  24  h  after  the  insult. 
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DNA  degradation  by  internucleosomal  fragmentation 
further  confirmed  the  presence  of  apoptosis. 

Excitotoxic  neuronal  apoptosis  was  associated  with 
rapid  changes  in  cell  death  proteins.  Within  2  h  after  neu¬ 
rotoxin  exposure,  Bax  increased  in  the  mitochondria-en- 
riched  fraction  of  striatum,  as  shown  by  immunoblotting. 
The  mitochondrial  enrichment  of  the  subcellular  fraction 
was  verified  by  the  presence  of  Coxl.  This  is  the  first 
demonstration  of  such  a  rapid  redistribution  of  Bax  dur¬ 
ing  apoptosis  of  neurons  and  cells  in  general.  We  used  a 
homogenate-based  assay  of  striatal  tissue,  so  we  currently 
assume  that  the  increase  occurs  in  striatal  neurons.  Neu¬ 
rons  are  the  primary  cells  that  undergo  apoptosis  in  this 
model  as  shown  directly  by  EM  and  by  the  immunolo- 
calization  of  cleaved  caspase-3.  Although  immunoblot 
analysis  of  subcellular  fractions  is  commonly  used  to  as¬ 
say  for  translocation  of  proteins,  the  increase  in  Bax  in 
mitochondria  of  neurons  needs  to  be  shown  directly  in 
future  studies  by  quantitative  immunogold  EM  (Martin 
and  Liu,  2002).  We  also  found,  surprisingly,  with  one  of 
two  antibodies  that  detect  cleaved  fragments  of  caspase- 
3,  a  rapid  increase  in  cleaved  caspase-3  in  mitochondria. 
These  antibodies  recognize  different  epitopes  on  the  cas- 
pase-3  molecule.  The  extensive  proteolytic  processing  of 
this  protein  could  generate  cleavage  products  of  differ¬ 
ent  sizes  that  are  differentially  detected  with  these  anti¬ 
bodies,  revealing  a  complex  targeting  of  this  protein.  We 
are  not  certain  but  this  difference  with  the  two  caspase- 
3  antibodies  may  provide  insight  into  the  processing  and 
subcellular  targeting  of  caspase-3  fragments  in  apoptotic 
neurons.  Translocation  of  active  caspase-3  to  mitochon¬ 
dria  has  been  found  previously  in  Jurkat  cells  undergo¬ 
ing  apoptosis  (Zhivotovsky  et  al.,  1999).  We  confirmed 
by  immunocytochemistry  that  cleaved  caspase-3  accu¬ 
mulates  in  the  cytoplasm  of  neurons.  This  study  demon¬ 
strates  for  the  first  time  the  activation  of  cell  death  ef¬ 
fector  mechanisms  during  excitotoxic  neuronal  death  in 
newborn  rat  brain  that  was  structurally  verified  as  pri¬ 
marily  apoptosis.  The  initiation  of  this  death  cascade  and 
the  possible  commitment  to  apoptosis  occur  relatively 
fast,  within  2  h  after  glutamate  receptor  activation,  and 
involves  a  subcellular  redistribution  of  cell  death  proteins 
and  caspase-3  activation.  These  findings  are  particularly 
relevant  to  newborn  brain  damage  after  hypoxia-ischemia 
(Northington  et  al.,  2001a, b)  and  trauma,  and  to  some 
age-related  neurodegenerative  diseases,  such  as  amyo¬ 
trophic  lateral  sclerosis,  in  which  neuronal  apoptosis  and 
a  redistribution  of  cell  death  proteins  including  Bax,  have 
been  discovered  (Martin,  1999,  2001). 

The  findings  reported  in  this  study  provide  novel  in¬ 
formation  on  the  progression  of  neuronal  apoptosis 
specifically  in  the  immature  brain  after  injury.  Copious 


end-stage  apoptosis  is  present  in  the  striatum,  as  observed 
in  Nissl,  EM,  and  immunocytochemical  preparations  at 
24  h  after  an  excitotoxic  lesion.  Structural  evidence  for 
apoptosis  (i.e.,  chromatin  condensation)  begins  to  emerge 
between  6  and  12  h  postlesion  by  light  microscopy.  Thus, 
the  emergence  and  completion  of  the  structural  process 
of  neuronal  apoptosis  is  relatively  rapid  ( — 12  h)  in  neona¬ 
tal  rat  striatal  neurons.  At  6  h  postlesion,  faint  intemu- 
cleosomal  fragmentation  of  DNA  was  detected,  and  at  12 
and  24  h  the  ladder  pattern  was  pronounced  with  pro¬ 
gressive  formation  of  lower  molecular  weight  fragments 
of  DNA.  Apparently  in  immature  striatal  neurons,  large- 
scale  genomic  DNA  fragmentation  coincides  with  the 
formation  of  large,  round  nuclear  masses  characteristic 
of  apoptosis.  Similarly,  the  cleavage  of  caspase-3,  a  pro¬ 
tease  whose  activation  can  lead  directly  to  an  apoptotic 
phenotype,  was  first  prominent  in  the  ipsilateral  striatum 
at  12  h  postlesion.  The  increase  in  cleaved  caspase-3  was 
greatest  at  24  h  postlesion.  Cleaved  caspase-3  was  pre¬ 
sent  in  cells  with  an  end-stage  apoptotic  morphology  and 
in  cellular  debris.  Taken  together,  these  results  suggest 
that  neurons  in  the  striatum  after  an  excitotoxic  insult  are 
committed  to  apoptosis  between  6  and  12  h  after  the  le¬ 
sion,  and  this  process  advances  quickly  to  end-stage  death 
by  24  h. 

The  contribution  of  apoptotic  mechanisms  to  excito¬ 
toxic  death  of  neurons  has  been  examined  in  neuronal 
culture.  However,  these  studies  have  provided  conflict¬ 
ing  results.  In  primary  culture  of  mouse  cortical  cells,  KA 
exposure  induced  an  increase  in  Bax  protein,  and  bax 
gene  deficiency  significantly  protected  cells  against  KA 
receptor  toxicity  (Xiang  et  al.,  1998).  However,  NMDA 
receptor  toxicity  in  mouse  cerebellar  granule  neurons 
(Miller  et  al.,  1997)  and  mouse  cortical  cells  (Dargusch 
et  al.,  2001)  was  not  Bax  related.  In  vitro  studies  of  cas- 
pase  activation  in  excitotoxic  cell  death  are  also  con¬ 
flicting.  Glutamate  (100  /u,M)  stimulation  of  mouse  cor¬ 
tical  cells  did  not  cause  an  increase  in  caspase  activity 
(Johnson  et  al.,  1999),  but  NMDA-treated  rat  cortical 
cells  showed  increased  caspase  activity  (Tenneti  and  Lip- 
ton,  2000).  These  conflicting  results  may  be  due  to  the 
finding  that  activation  of  different  subtypes  of  glutamate 
receptors  appears  to  activate  different  cell  death  pathways 
(Portera-Cailliau  et  al.,  1997b).  The  in  vitro  data  that  are 
most  relevant  to  and  consistent  with  our  in  vivo  study 
support  a  role  for  Bax  in  KA-induced  neuronal  apopto¬ 
sis  (Xiang  et  al.,  1998).  Future  studies  need  to  examine 
the  effects  of  bax  gene  deficiency  on  KA-induced  neu¬ 
ronal  apoptosis  in  the  neonatal  mouse  brain. 

Our  results  on  glutamate  receptor-mediated  excitotoxic 
neuronal  apoptosis  in  neonatal  rat  are  consistent  with  pre¬ 
vious  results  from  our  laboratory  using  a  neonatal  rat 
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FIG.  6.  Immunolocalization  of  cleaved  caspase-3  in  neonatal  rat  striatum  after  excitotoxic  lesions.  (A)  At  12  h  after  KA,  cleaved 
caspase-3  (brown  staining)  is  prominent  in  the  ipsilateral  striatum.  The  artifact  is  the  needle  track.  Bar  =  200  fim  (same  for  B 
and  H).  (B)  Immunoreactivity  for  cleaved  caspase-3  in  the  contralateral  striatum  (opposite  side  to  that  shown  in  A)  at  12  h  after 
KA  is  very  low  and  is  restricted  to  isolated  cells  at  periventricular  locations  (upper  right  comer).  (C)  Many  neurons  in  the  ipsi¬ 
lateral  striatum  at  12  h  after  KA  have  cleaved  caspase-3  (arrows).  Bar  =  25  gm  (same  for  E  and  G).  (D)  Immunoperoxidase  sec¬ 
tions  counterstained  with  cresyl  violet  (purple  staining)  revealed  that  many  striatal  cells  with  cleaved  caspase-3  at  12  h  after  KA 
are  neurons  with  nascent  chromatin  condensation  (arrows).  (E)  At  24  h  after  KA,  cleaved  caspase-3  immunoreactivity  (brown 
staining)  is  mostly  dispersed  throughout  the  neuropil  of  the  ipsilateral  striatum.  (F)  Immunoperoxidase  sections  counterstained 
with  cresyl  violet  (purple  staining)  revealed  that  cleaved  caspase-3  immunoreactivity  at  24  h  after  KA  localized  to  cellular  debris 
and  end-stage  apoptotic  cells.  (G)  Immunoreactivity  for  cleaved  caspase-3  in  the  contralateral  striatum  (opposite  side  to  that  shown 
in  E)  at  24  h  after  KA  is  very  low  and  is  restricted  to  occasional  isolated  cells.  (H)  Immunoreactivity  for  cleaved  caspase-3  in 
the  ipsilateral  striatum  at  6  h  after  KA  is  barely  detectable. 
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model  of  hypoxia-ischemia.  During  apoptosis  of  neurons 
after  hypoxia-ischemia,  the  levels  of  Bax  in  the  mito- 
chondria-enriched  cell  fraction  increased,  and  cytochrome 
c  accumulated  in  the  soluble  protein  compartment  (Nor- 
thington  et  al.,  2001a).  This  apoptosis  was  associated  with 
a  rapid  increase  in  the  levels  of  the  Fas  death  receptor  in 
cell  membranes  and  caspase-8  cleavage  (Northington  et 
al.,  2001a).  Increased  levels  of  Fas  death  receptor  and  Bax, 
cytochrome  c  accumulation,  and  caspase-8  cleavage  were 
upstream  to  marked  cleavage  of  caspase-3. 

Excitotoxic  and  ischemic  neurodegeneration  in  the  im¬ 
mature  brain  is  phenotypically  heterogeneous  and  re¬ 
gionally  specific.  Neurodegeneration  in  specific  regions 
is  model-  or  species-related.  In  neonatal  rat  exposed  to 
excitotoxins  (Portera-Cailliau  et  al.,  1997a, b)  and  isch¬ 
emia  (Northington  et  al.,  2001a, b),  structural  and  bio¬ 
chemical  studies  show  that  neuronal  necrosis  is  promi¬ 
nent  in  cerebral  cortex,  whereas  apoptosis  is  prominent 
in  striatum,  hippocampus,  thalamus,  and  brainstem.  Fur¬ 
thermore,  a  hybrid  form  of  cell  death  with  characteristics 
of  both  necrosis  and  apoptosis  appears  widely  in  hip¬ 
pocampus  and  striatum.  In  contrast,  in  7-day-old  piglet 
the  primary  neurodegeneration  after  hypoxia-ischemia  is 
categorically  necrosis  (Martin  et  al.,  2000).  The  mecha¬ 
nisms  that  account  for  the  differences  in  animals  are  un¬ 
clear,  as  are  the  mechanisms  that  channel  neurons  into 
necrotic,  apoptotic,  and  hybrid  cell  death.  Some  studies 
have  shown  that  the  level  of  intracellular  ATP  can  direct 
cell  death  down  different  pathways  (Leist  et  al.,  1997). 
The  maturity  of  the  brain  and  the  subtype  of  glutamate 
receptor  that  is  activated  influence  cell  death  along  a  so- 
called  apoptosis-necrosis  cell  death  continuum  (Portera- 
Cailliau  et  al.,  1997a, b;  Martin  et  al.,  1998;  Martin,  2001). 
Hence,  neuronal  death  induced  by  excitotoxicity,  hy¬ 
poxia-ischemia,  and  trauma  might  not  be  the  same  in  ma¬ 
ture  and  immature  brain  and  may  vary  in  different  pop¬ 
ulations  of  neurons. 

Neurons  in  newborn  rodents  exhibit  a  more  robust 
classical  apoptosis  response  compared  to  the  adults  af¬ 
ter  brain  damage  (Martin,  2001).  Our  study  identifies  a 
possible  explanation  for  this  phenomenon.  We  found 
developmental  changes  in  the  subcellular  distribution  of 
Bax.  The  ratio  of  mitochondrial  Bax  to  soluble  Bax  in 
normal  developing  striatum  changes  prominently  with 
brain  maturation.  Newborn  rat  striatum  has  a  much 
greater  proportion  of  Bax  in  the  mitochondrial  fraction 
with  lower  levels  of  soluble  Bax.  Mature  rat  striatum 
has  a  much  larger  proportion  of  Bax  in  the  soluble  frac¬ 
tion  and  low  amounts  of  Bax  in  the  mitochondrial  frac¬ 
tion.  With  brain  maturation  there  is  a  linear  decrease  in 
the  ratio  of  mitochondrial  Bax  to  soluble  Bax.  Age-re¬ 
lated  differences  in  mitochondrial  quantity  do  not  ap¬ 


pear  to  account  for  the  changes  in  the  subcellular  dis¬ 
tribution  of  Bax.  In  fact,  the  amount  of  mitochondrial 
protein  increases  with  maturation  as  determined  by  the 
levels  of  Cox  1.  The  greater  proportion  of  Bax  in  the  mi¬ 
tochondrial  compartment  of  newborn  brain  may  prime 
neurons  for  apoptosis  after  injury,  allowing  immature 
neurons  to  engage  classical  apoptosis  pathways  more 
readily  than  mature  neurons.  However,  the  presence  of 
Bax  in  mitochondria  per  se  is  insufficient  to  induce 
apoptosis  because  mitochondrial  Bax  is  found  in  the 
normal  developing  striatum  at  times  with  infrequent 
apoptosis;  therefore,  other  molecules  have  a  role  in  the 
regulation  of  injury-induced  neuronal  apoptosis. 
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Isolation  of  Mature  Spinal  Motor  Neurons  and  Single-cell 
Analysis  Using  the  Comet  Assay  of  Early  Low-level  DNA  Damage 
Induced  In  Vitro  and  In  Vivo 
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SUMMARY  We  developed  an  isolation  technique  for  motor  neurons  from  adult  rat  spinal 
cord.  Spinal  cord  enlargements  were  discretely  microdissected  into  ventral  horn  tissue  col¬ 
umns  that  were  trypsin-digested  and  subjected  to  differential  low-speed  centrifugation  to 
fractionate  ventral  horn  cell  types.  A  fraction  enriched  in  a-motor  neurons  was  isolated. 
Motor  neuron  enrichment  was  verified  by  immunofluorescence  for  choline  acetyltrans- 
ferase  and  prelabeling  axon  projections  to  skeletal  muscle.  Adult  motor  neurons  were  iso¬ 
lated  from  naTve  rats  and  were  exposed  to  oxidative  agents  or  were  isolated  from  rats  with 
sciatic  nerve  lesions  (avulsions).  We  tested  the  hypothesis,  using  single-cell  gel  electro¬ 
phoresis  (comet  assay),  that  hydrogen  peroxide,  nitric  oxide,  and  peroxynitrite  exposure  in 
vitro  and  axotomy  in  vivo  induce  DNA  damage  in  adult  motor  neurons  early  during  their 
degeneration.  This  study  contributes  three  important  developments  in  the  study  of  motor 
neurons.  It  demonstrates  that  mature  spinal  motor  neurons  can  be  isolated  and  used  for  in 
vitro  models  of  motor  neuron  degeneration.  It  shows  that  adult  motor  neurons  can  be  iso¬ 
lated  from  in  vivo  models  of  motor  neuron  degeneration  and  evaluated  on  a  single-cell  ba¬ 
sis.  This  study  also  demonstrates  that  the  comet  assay  is  a  feasible  method  for  measuring 
DNA  damage  in  individual  motor  neurons.  Using  these  methods,  we  conclude  that  motor 
neurons  undergoing  oxidative  stress  from  reactive  oxygen  species  and  axotomy  accumu¬ 
late  DNA  damage  early  in  their  degeneration.  (J  Histochem  Cytochem  49:957-972, 2001) 
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amyotrophic  lateral  sclerosis 

apoptosis 

axotomy 

DNA  single-strand  breaks 
single-cell  gel  electrophoresis 


Genotoxicity,  caused  by  DNA  damage,  is  believed 
to  contribute  to  the  mechanisms  of  human  aging  and 
disease  (Lindahl  1993;  Subba  Rao  1993).  Its  impor¬ 
tance  ranges  broadly  from  cancer  to  neurological  dis¬ 
orders.  DNA  damage  can  be  mutagenic,  contributing 
to  tumor  formation  in  breast,  colorectal,  and  lung 
cancers.  DNA  damage  can  also  induce  apoptosis,  pos¬ 
sibly  contributing  to  the  abnormal  neuronal  degenera¬ 
tion  in  amyotrophic  lateral  sclerosis  (ALS),  Alzhei¬ 
mer’s  disease,  and  Parkinson’s  disease  (Kisby  et  al. 
1999;  Martin  1999;  Martin  et  al.  2000). 


Correspondence  to:  l.ce  J.  Martin,  PhD,  Johns  Hopkins  Univ. 
School  of  Medicine,  Dept,  of  Pathology,  558  Ross  Building,  720 
Rutland  Ave.,  Baltimore,  MD  21205-2196.  K-mail:  lmartin® 
jhmi.edu 

Received  for  publication  March  12,  2001;  accepted  March  14, 
2001  (1A5500). 


0022-1554/01/53.30 


A  variety  of  endogenous  or  intrinsic  and  exogenous 
or  environmental  factors  can  cause  DNA  damage 
(Lindahl  1993;  Subba  Rao  1993).  Endogenous  sources 
include  reactive  oxygen  species  (ROS)  and  oxidative 
stress  generated  by  cellular  metabolism,  temperature, 
errors  in  DNA  replication  and  repair,  high  levels  of 
glucose  and  other  reducing  sugars,  and  methyladon. 
Intrinsically  generated  DNA  damage  occurs  as  mis¬ 
matched  base  pairs,  base  structure  alterations  such  as 
tautomeric  shifts  and  deamination,  base  adducts 
(e.g.,  hydroxylation),  and  base  deletions  causing  apu- 
rinic/apyrimidinic  (AP)  sites  (alkali-labile  sites),  sin¬ 
gle-strand  breaks  (SSBs),  and  double-strand  breaks 
(DSBs).  Estimates  indicate  that  a  human  cell  sustains 
^10,000  lesions  per  day  due  to  metabolism-generated 
free  radicals  (Subba  Rao  1993)  and  2000-10,000 
DNA  purine  bases  turn  over  daily  because  of  hydro¬ 
lytic  depurination  and  subsequent  repair  (Lindahl  1993). 
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Environmental  sources  of  DNA  damage  include  di¬ 
etary  mutagenic  chemicals,  ultraviolet  and  ionizing  ra¬ 
diation  such  as  X-rays  and  7-rays,  free  radicals,  and 
heavy  metals.  These  exogenous  agents  can  cause 
crosslinks,  adducts,  and  oxidative  cleavage.  Many  of 
these  types  of  DNA  damage  can  be  converted  from 
one  form  to  another  form.  For  example,  the  interac¬ 
tion  of  DNA  with  hydroxyl  radicals  yields  a  variety  of 
lesions,  including  base  adducts,  strand  breaks,  and 
sugar  modifications;  in  addition,  AP  sites  are  con¬ 
verted  into  SSBs  if  not  repaired. 

DNA  lesions  can  be  evaluated  by  a  variety  of  meth¬ 
ods.  Some  methods  are  quantitative  and  other  meth¬ 
ods  are  qualitative.  The  methods  for  DNA  damage  de¬ 
tection  can  be  broadly  classified  as  biochemical  and  in 
situ  detection  methods.  DNA  filter  elution  assay  is  a 
powerful  biochemical  method  for  the  determination  of 
DNA  strand  breaks,  apurinic/apyrimidinic  (alkali- 
labile)  sites,  and  crosslinks  (Kohn  1991).  Another 
method  is  the  detection  of  nucleoside  adducts  in  di¬ 
gests  of  DNA  extracts  with  high-performance  liquid 
chromatography  (Ames  1989).  Gel  electrophoresis  is 
another  reliable  and  major  means  for  detecting  ge¬ 
nomic  DNA  damage  (i.e.,  DNA  fragmentation)  in  tis¬ 
sue/cell  extracts.  Flow  cytometry  for  sorting  cells  on 
the  basis  of  DNA  quantity,  indicating  DNA  damage, 
is  also  a  good  method  for  quantification  of  numbers 
of  cells  with  DNA  damage  and  severity  of  DNA  dam¬ 
age.  The  most  popular  in  situ  method  for  DNA  dam¬ 
age  is  the  terminal  deoxynucleotidyl  transferase-medi¬ 
ated  3'  dUTP  nick  end-labeling  (TUNEL)  technique 
(Gavrieli  et  al.  1992).  Neuroscientists  often  use  this 
method  to  observe  cell  death  in  nervous  system  disease 
and  injury. 

We  are  interested  in  developing  sensitive  and  quan¬ 
titative  assays  for  detecting  genotoxicity  directly  in 
motor  neurons  because  of  its  relevance  to  ALS  (Mar¬ 
tin  2000;  Martin  et  al.  2000).  Single-cell  gel  electro¬ 
phoresis,  also  called  the  “comet”  assay,  is  a  method 
for  identifying  early  damage  to  genomic  DNA  of  eu¬ 
karyotic  cells  on  a  single-cell  basis  (Ostling  and  Johan- 
son  1984;  Singh  et  al.  1988;  Kindzelskii  and  Petty 
1999;  Morris  et  al.  1999;  Tice  et  al.  2000).  The  types 
of  DNA  lesions  detectable  by  comet  assay  include 
SSBs,  alkali-labile  sites  (AP  sites),  and  DSBs.  Based  on 
the  principles  of  alkaline  elution,  the  comet  assay  de¬ 
tects  early  DNA  damage,  which  is  of  particular  impor¬ 
tance  in  investigating  the  mechanisms  of  cell  death, 
particularly  apoptosis.  SSBs  and  DSBs  are  strong  sig¬ 
nals  for  activation  of  p53-mediated  cell  death  (Jayara- 
man  and  Prives  1995).  p53  is  activated  or  induced  in 
cells  undergoing  DNA  damage-induced  apoptosis. 
This  pathway  may  participate  in  the  mechanisms  of 
motor  neuron  degeneration  in  ALS  (Martin  2000). 
The  goals  of  these  experiments  were  first,  to  develop  a 
new  method  to  isolate  and  study  adult  motor  neurons 


and,  second,  to  apply  the  comet  assay  to  study  of 
DNA  damage  in  motor  neurons. 

Materials  and  Methods 

Animals  and  Tissues 

Adult  male  Sprague-Dawley  rats  (Charles  River;  Wilming¬ 
ton,  MA)  weighing  ~1 50-200  g  were  used  for  these  experi¬ 
ments.  Naive  rats  without  experimental  manipulations  and 
rats  with  experimental  manipulations  were  used  in  these  ex¬ 
periments.  The  manipulations  performed  were  retrograde 
tracing  of  motor  neurons  and  avulsion  of  the  sciatic  nerve. 
The  institutional  Animal  Care  and  Use  Committee  approved 
the  animal  protocols.  The  animals  were  housed  in  a  colony 
room  with  a  12  hr:12  hr  light:dark  cycle  and  ad  libitum  ac¬ 
cess  to  food  and  water. 

Retrograde  Tracing  of  Spinal  Motor  Neurons 

Rats  («= 2)  were  anesthetized  deeply  with  enflurane:oxy- 
gemnitrous  oxide  (1:33:66)  and,  using  sterile  surgery,  the 
sciatic  nerve  was  exposed  within  the  middle  of  the  upper 
hindiimb.  The  nerve  was  transected  by  cutting  and  50  pi  of 
2.5%  DAPI  was  applied  to  the  proximal  nerve  stump  for  1 
hr  using  tracer-saturated  Gelfoam  placed  in  a  sterile  Eppen- 
dorf  tube.  The  incision  was  closed  with  the  bottom  of  the 
Eppendorf  tube  containing  DAPI  remaining  applied  to  the 
proximal  stump  of  the  sciatic  nerve.  The  animals  were  al¬ 
lowed  to  survive  for  48  hr  before  they  were  sacrificed. 

Sciatic  Nerve  Avulsion  Model  of  Motor 
Neuron  Apoptosis 

The  unilateral  sciatic  nerve  avulsion  model  was  used  as  an  in 
vivo  model  of  spinal  motor  neuron  apoptosis  (Martin  et  al. 
1999;  Liu  and  Martin  2001).  Rats  were  anesthetized  deeply 
with  enflurane:oxygen:nitrous  oxide  (1:33:66).  With  sterile 
surgery,  a  midline  incision  was  made  in  the  lateral  aspect  of 
the  left  pelvis  and  upper  hindiimb.  The  sciatic  nerve  was  lo¬ 
cated  by  blunt  retraction  of  the  biceps  femoris  and  gluteus 
muscles  and  was  tracked  proximally  to  an  extravertebral  lo¬ 
cation  deep  within  the  pelvis.  A  steady,  moderate  traction 
was  applied  to  the  sciatic  nerve  with  forceps  until  the  nerve 
separated  from  the  spinal  cord,  resulting  in  a  mixed  motor- 
sensory  root  avulsion.  Muscle  retraction  was  released  and 
the  overlying  skin  was  sutured.  The  animals  («= 2-4  rats  per 
time  point)  were  allowed  to  live  for  5,  7,  10,  14,  or  28  days 
after  sciatic  nerve  avulsion. 

Preparation  of  Spinal  Cord  Tissue  for  Isolation 
of  Mature  Motor  Neurons 

Spinal  cords  were  isolated  from  adult  rats  that  were  anesthe¬ 
tized  deeply  with  a  mixture  of  enflurane:oxygen:nitrous  ox¬ 
ide  (1:33:66)  and  then  decapitated.  From  rats  without  ex¬ 
perimental  lesions,  cervical  and  lumbar  enlargements  were 
used.  The  two  enlargements  of  the  spinal  cord  contain  the 
majority  of  the  spinal  motor  neurons.  From  rats  exposed  to 
tracers  and  from  rats  with  sciatic  nerve  avulsions,  only  the 
entire  lumbar  enlargements  (divided  into  ipsilateral  and  con¬ 
tralateral  sides)  were  used.  After  removal  of  the  pia,  lumbar/ 
cervical  enlargements  were  dissected  segmentally  under  a 
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surgical  microscope  and  then  the  segments  were  microdis- 
sected  into  gray  matter  columns  of  ventral  horn  without  ap¬ 
preciable  contamination  of  dorsal  horn  and  surrounding 
white  matter  funiculi.  Spinal  motor  neurons  are  large  neu¬ 
rons  locating  in  Lamina  IX  of  spinal  cord.  Gray  matter  tis¬ 
sue  columns  from  spinal  cord  ventral  horns  of  lumbar/cervi¬ 
cal  enlargements  were  collected  and  rinsed  in  a  cell  culture 
dish  on  ice  containing  dissection  medium  [1  X  Ca1+  and 
Mg2+-free  Hanks  balanced  salt  solution  (Gibco  BRL;  Grand 
Island,  NY)  supplemented  with  glucose  and  sucrose].  These 
tissues  were  used  to  prepare  motor  neuron  cell  suspensions. 

Preparation  of  Adult  Spinal  Motor  Neuron-enriched 
Cell  Suspensions 

Digestion  of  Spinal  Cord  Ventral  Horns.  Ventral  horn 
samples  were  digested  (20  min)  with  0.25%  trypsin-EDTA 
(Gibco)  in  a  tissue  culture  incubator  (5%  CO2  and  95%  air 
at  37C).  This  mixture  was  titurated  gently  with  a  transfer  pi¬ 
pette.  The  tissue  digested  was  transferred  to  a  5-ml  centrifu¬ 
gation  tube  on  ice,  and  the  remaining  small  pieces  of  ventral 
horn  gray  matter  were  further  digested  in  trypsin-EDTA  (16 
min).  The  total  cell  suspension  was  then  centrifuged  at  dif¬ 
ferent  speeds  for  cell  sorting. 

Sorting  of  Cell  Suspensions 

To  isolate  a  spinal  motor  neuron-enriched  fraction,  tissue  di¬ 
gests  were  centrifuged  (Beckman  GPR  model  centrifuge)  at 
200  rpm  (20  gav)  for  5  min  (4C).  The  supernatant  was  col¬ 
lected  and  then  centrifuged  at  400  rpm  (50  gaV),  800  rpm 
(160  gav),  and  then  2500  rpm  (1400  gav).  After  each  spin  (for 
5  min),  the  pellet  was  resuspended  in  100  pel  PBS,  pH  7.4, 
fixed  with  1  ml  of  4%  paraformaldehyde  (4C  for  1  hr)  for 
cell  characterization  using  immunocytochemistry,  TUNEL, 
or  cresyl  violet  staining. 

Characterization  of  Sorted  Cell  Suspensions 

The  cells  were  repelleted  after  fixation  and  each  pellet  was 
resuspended  with  250  pi  PBS.  An  aliquot  of  cell  suspension 
(50  p.1)  was  applied  to  a  gelatin-coated  slide  and  a  coverslip 
(24  mm  X  30  mm)  was  gently  overlaid  to  form  a  monolayer 
of  cells.  The  slides  were  then  air-dried.  Air-dried  slides  were 
rinsed  (1  hr)  in  PBS  to  separate  the  slides  from  the  cover- 
slips.  The  cells  did  not  attach  to  the  coverslips  because  they 
were  not  coated  with  adhesive;  instead,  the  cells  were  at¬ 
tached  to  the  gelatin-coated  slides.  The  cells  were  permeabi- 
lized  (30  min)  in  1%  Triton  X-100  and  then  treated  (30 
min)  with  1%  bovine  serum  albumin  (BSA).  The  cells  were 
probed  with  antibodies  to  neuronal  nucleus  protein  (NeuN, 
diluted  1:20),  a  neuron-specific  marker  (Chemicon  Interna¬ 
tional;  Temecula,  CA),  choline  acetyltransferase  (ChAT,  di¬ 
luted  1:5),  a  marker  for  motor  neurons  in  rat  spinal  cord  en¬ 
largements  (Roche  Molecular  Biochemicals;  Indianapolis, 
IN),  glial  fibrillary  acidic  protein  (GFAP,  diluted  1:20),  an 
astroglial  marker  (DAKO;  Glostrup,  Denmark),  CDllb/c 
IgG2a  (OX-42,  diluted  1:20),  a  microglial/macrophage  marker 
(Harlan  Sera-Lab;  Sussex,  UK).  Diluted  primary  antibodies 
were  applied  to  the  slides  and  the  slides  were  incubated  (24 
hr  at  room  temperature)  in  a  humidified  box.  After  primary 
antibody  incubation,  the  slides  were  rinsed  in  PBS.  Alexa- 
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conjugated  anti-mouse  IgG  (diluted  1:100;  Molecular  Probes, 
Eugene,  OR)  was  used  to  visualize  NeuN,  ChAT,  and  OX-42, 
and  Cascade  blue-conjugated  anti-rabbit  IgG  (diluted  1:100; 
Molecular  Probes)  was  used  to  visualize  GFAP.  The  slides 
were  incubated  (4  hr  at  RT)  in  a  humidified  dark  box.  The 
slides  were  washed  and  coverslipped  with  propidium  iodide/ 
antifade  (Ventana;  Tucson,  Arizona).  The  slides  were  ob¬ 
served  and  photographed  under  a  Zeiss  fluorescence  micro¬ 
scope.  The  preparation  of  cell  suspensions  from  rats  used  for 
retrograde  tracing  of  motor  neurons  was  identical  to  that  de¬ 
scribed  above.  The  slides  were  coverslipped  with  or  without 
propidium  iodide/antifade  and  were  observed  under  the 
same  fluorescence  microscope  but  with  UV  emission. 

Counting  of  Different  Cell  Types  in  Cell  Suspensions 

To  identify  the  cell  fraction  that  was  enriched  in  motor  neu¬ 
rons,  neurons  marked  with  cell-specific  antibodies  were 
counted.  The  total  number  of  neurons  was  estimated  by 
comparing  the  number  of  NeuN-positive  cells  to  the  total 
number  of  cells  identified  by  propidium  iodide  staining  plus 
NeuN  staining.  To  determine  the  proportion  of  spinal  motor 
neurons  in  the  cell  suspensions,  the  percentage  of  ChAT- 
positive  cells  relative  to  NeuN-positive  cells  was  calculated. 
To  determine  the  proportion  of  spinal  motor  neurons  issu¬ 
ing  sciatic  nerve  axons,  the  fraction  of  DAPI-positive  cells 
relative  to  the  total  number  of  NeuN-positive  cells  was  also 
calculated.  The  numbers  of  labeled  cells  from  six  different 
microscopic  fields  (X400)  were  averaged  from  each  case  and 
then  a  total  mean  was  derived  from  the  preparations  from 
three  different  cases. 

Immunoblotting 

Immunoblotting  was  used  to  identify  ChAT  immunoreactiv- 
ity  in  lysates  of  motor  neuron  cell  suspensions  to  addition¬ 
ally  verify  the  presence  of  a  motor  neuron  phenotype  in  this 
fraction.  The  cells  were  pelleted,  washed,  and  lysed  in 
buffer.  Samples  (20  pg  of  total  protein)  were  fractionated  by 
SDS-PAGE.  Proteins  were  electroeluted  onto  nitrocellulose 
sheets.  Blots  were  washed  with  50  mM  Tris-buffered  saline 
(TBS)  and  blocked  in  2.5%  nonfat  milk  in  50  mM  TBS/ 
0.1%  Tween-20.  ChAT  immunoreactivity  was  detected  with 
a  monoclonal  antibody  (Incstar,  Stillwell,  MN)  used  at  a 
concentration  of  1  pg  IgG/ml.  Immunoreactivity  was  visual¬ 
ized  with  enhanced  chemiluminesence. 

In  Vitro  Exposure  of  Motor  Neurons  to  ROS 

We  tested  the  hypothesis  that  adult  motor  neurons  rapidly 
accumulate  genomic  DNA  lesions  in  response  to  oxidative 
stress.  Motor  neuron-enriched  cell  suspensions  were  ex¬ 
posed  to  H2O2,  NO  donors,  H2O2  +  NO  donor,  and 
ONOO-.  Two  different  NO  donors  were  used:  sodium  ni- 
troprusside  (SNP;  Sigma,  St  Louis,  MO)  and  N-(2-amino- 
ethyl)-N-(2-hydroxyl-nitrosohydrazino)-l,2-ethylenediamine 
(spermine-NONOate;  OXIS  International,  Portland,  OR). 
Spermine-NONOate  was  used  because  this  agent  can  main¬ 
tain  long  exposure  to  steady-state  generation  of  NO  (Hrabie 
et  al.  1993).  Motor  neurons  were  also  exposed  directly  to 
ONOO"  (Alexis;  San  Diego,  CA).  ONOO"  is  a  potent  and 
relatively  long-lived  ROS  formed  by  a  reaction  between  O2' 
and  NO  (Beckman  et  al.  1 993). 
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Motor  neuron  cell  suspensions  (the  400  rpm  preparation) 
were  prepared  from  naive  rats.  Motor  neurons  were  exposed 
to  SNP  at  concentrations  of  10,  100,  and  300  p,M  for  differ¬ 
ent  durations  ranging  from  15  min  to  4  hr.  Identical  cell  sus¬ 
pensions  were  exposed  to  spcrmine-NONOate  at  concen¬ 
trations  of  10  and  100  pM  for  30  min,  1  hr,  and  2  hr. 
Alternatively,  motor  neurons  were  treated  with  ONOO~  at 
concentrations  of  10  and  100  pM  for  15  min,  30  min,  and  1 
hr.  These  exposures  were  done  in  medium  containing  90% 
Neurobasal-A  (Gibco),  5%  horse  serum,  5%  fetal  bovine  se¬ 
rum  (both  sera  were  heat-inactivated)  and  1  X  glutamine 
(Gibco)  in  a  tissue  culture  incubator  (containing  5%  CO2 
and  95%  air,  37C)  for  the  different  times.  For  controls,  sam¬ 
ples  of  the  same  cell  suspensions  were  incubated  in  medium 
for  the  same  time  in  the  absence  of  SNP,  with  spermine  tet- 
rahydrochloride/sodium  nitrite  (NO2")  or  with  decomposed 
ONOO~  in  alkaline  solution.  After  exposure,  the  treatment 
groups  were  collected  in  5-ml  centrifuge  tubes  and  repelleted 
at  4C  for  5  min.  Each  pellet  was  resuspended  and  subjected 
to  the  comet  assay. 


Comet  Assay 

Preparation  of  Cell  Microgels  on  Slides.  To  detect  DNA 
damage  in  individual  cells,  motor  neuron  cell  suspensions 
that  were  exposed  to  H2O2,  NO  donor,  H2O2/SNP,  and 
ONOO-  were  analyzed  by  the  comet  assay.  In  addition,  to 
identify  DNA  damage  in  motor  neurons  undergoing  apopto¬ 
sis  in  vivo,  the  comet  assay  was  used  on  motor  neuron  cell 
suspensions  prepared  from  rats  with  sciatic  nerve  avulsions. 
The  400  rpm  cell  preparations  from  ipsilateral  or  contralat¬ 
eral  sides  of  ventral  horns  of  lumbar  enlargements  of  ani¬ 
mals  with  unilateral  sciatic  nerve  avulsions  were  subjected 
directly  to  comet  assay  immediately  after  they  were  sorted 
and  repelleted.  All  the  procedures  for  comet  assay  were  done 
under  low  light  to  minimize  spontaneous  DNA  damage. 

Our  method  for  the  comet  assay  on  motor  neurons  is 
based  mainly  on  the  original  protocol  for  lymphocytes 
(Singh  et  al.  1988).  Many  details  were  modified  in  the  proce¬ 
dure  for  our  application.  The  cell  microgels  were  prepared 
as  layers.  The  first  layer  of  gel  was  made  by  applying  200  pi 
of  regular  melting  point  agarose  (0.7%)  onto  superfrosted 
glass  microscope  slides  (3"  X  1",  thickness  1  mm)  and  a  cov- 
erslip  was  laid  gently  on  the  agarose.  The  agarose  was  al¬ 
lowed  to  solidify  at  4C  and  the  coverslip  was  removed.  Low 
melting-point  agarose  was  prepared  in  100  mM  PBS  and 
kept  at  37C.  Samples  of  the  motor  neuron-enriched  cell  sus¬ 
pension  were  mixed  with  the  low  melting-point  agarose  and 
50  pi  of  a  mixture  of  cell  suspension  (containing  ~4 .4  X  104 
motor  neurons)  and  low  melting-point  agarose  was  applied 
to  the  first  gel  layer.  The  slides  were  then  coverslipped  and 
placed  at  4C  for  solidification  of  the  cell  suspension-agarose 
mixture.  After  the  second  layer  solidified,  the  coverslips 
were  removed  and  100  pi  of  low  melting-point  agarose  was 
added  on  top  of  the  cell  layer.  The  gels  were  re-coverslipped 
and  the  slides  were  placed  on  ice  for  gel  solidification. 

For  preparing  microgels,  we  compared  two  brands  of  low 
melting-point  agarose  (at  the  same  concentrations)  from  dif¬ 
ferent  companies:  Gibco  BRL  LMP  agarose  (cat.  no.  15517- 
022)  and  FMC  BioProducts  SeaPlaque  GTG  agarose  (cat. 


no.  50110).  Wc  found  that  the  FMC  agarose  was  the  best 
for  our  purpose. 

Lysis  of  Cells,  DNA  Unwindmg,  Gel  Electrophoresis, 
and  DNA  Staining.  Coverslips  were  removed  from  the  cell 
microgels  and  the  slides  were  covered  with  1.5  ml  of  lysis 
buffer  at  pH  10  (for  alkaline  conditions)  or  pH  8.6  (for  neu¬ 
tralized  cohditions)  containing  2.5  M  NaCI,  100  mM 
EDTA,  1%  sodium  lauryl  sarcosine,  10  mM  Tris,  and  Tri¬ 
ton  X-100  (final  concentration  1%,  freshly  added  immedi¬ 
ately  before  use).  The  cell  microgels  were  lysed  for  30  min 
(at  RT).  After  draining,  microgels  were  treated  with  DNA- 
unwinding  solution  (300  mM  NaOH,  1  mM  EDTA,  gener¬ 
ally  at  pH  12  unless  otherwise  stated)  for  30  min  at  RT.  In 
some  experiments,  the  effects  of  DNA  unwinding  solution/ 
electrophoresis  buffer  pH  on  comet  patterns  were  studied. 
Three  different  pH  conditions  were  used:  pH  Sl3,  pH  12, 
and  pH  7.4.  Loss  of  a  purine  or  pyrimidine  base  from  the 
DNA  sugar-phosphate  backbone  facilitates  an  alkali-cata¬ 
lyzed  p-elimination  of  the  3'-phosphate  (Kohn  1991).  At  pH 
£T3,  alkali-labile  sites  are  converted  to  SSB  (Kohn  1991).  A 
pH  of  12  is  reported  to  be  appropriate  for  SSB  detection  be¬ 
cause  hydrogen  bonds  destabilize  at  this  pH  and  double- 
stranded  DNA  separates  into  individual  single  strands,  ren¬ 
dering  shorter  single-stranded  DNA  (resulting  from  SSBs) 
more  easily  eluted  from  the  nucleus  (Tice  et  al.  2000).  Neu¬ 
tral  conditions  are  used  to  detect  double-strand  breaks  be¬ 
cause  under  neutral  pH  conditions  DNA  remains  double- 
stranded  and  regions  containing  DSBs  will  allow  the  DNA 
to  migrate  more  readily  in  an  electrophoretic  field  (Singh  et 
al.  1988;  Kohn  1991).  The  microgels  were  then  placed  di¬ 
rectly  into  a  horizontal  gel  electrophoresis  chamber  filled 
with  DNA-unwinding  solution.  Gels  were  run  with  constant 
current  (300  mA  at  RT)  for  usually  20  min.  After  electro¬ 
phoresis,  the  microgels  were  neutralized  with  50  mM  Tris- 
HC1  (pH  7.5)  for  15  min  (twice).  DNA  was  visualized  with 
ethidium  bromide  staining  (20  pg/ml,  20  min  at  RT),  after 
which  the  microgels  were  washed  and  coverslipped.  The 
evaluation  and  image  acquisition  were  performed  using  a 
Zeiss  fluorescence  microscope. 

Counting  Comets  in  Microgels 

The  number  of  cells  with  comets  were  counted  in  microgels 
prepared  from  motor  neurons  exposed  to  ROS  in  vitro  and 
from  motor  neurons  isolated  from  in  vivo  axotomy  experi¬ 
ments.  For  cell  preparations  exposed  to  H2O2,  NO  donor, 
H2O2/SNP  or  ONOO”,  cells  incubated  for  the  same  time  in 
medium  without  oxidant  were  used  as  controls.  Three  to 
five  separate  experiments  from  different  animals  were  done 
for  each  type  of  in  vitro  oxidant  exposure  experiment.  For 
the  unilateral  sciatic  nerve  avulsion  experiments,  comet  as¬ 
says  were  performed  on  two  to  four  rats  for  each  recovery 
time  (5,  7,  10,  14,  or  28  days).  The  contralateral  (unle- 
sioned)  side  of  the  spinal  cord  from  rats  with  sciatic  nerve 
avulsions  was  used  as  the  control  for  each  time  point.  The 
number  of  comets  and  large  intact  cell  nuclei  regarded  as 
motor  neurons  stained  by  ethidium  bromide  were  counted  in 
six  microscopic  views  at  X200  from  microgels  of  treated 
cells  and  from  sciatic  nerve  avulsion  animals.  The  percent¬ 
ages  of  comets  relative  to  the  total  number  of  cells  (total 
number  of  comets  and  total  number  of  intact  cell  nuclei) 
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Figure  1  Characterization  of  the  motor  neuron-enriched  cell  suspension  isolated  from  adult  rat  spinal  cord  ventral  horn.  (A)  Immunocy- 
tochemical  labeling  for  NeuN  (green)  shows  that  most  (~84%)  of  the  cells  in  the  400  rpm  preparation  are  neurons.  The  green  fluorescence 
is  localized  in  nuclei  of  neurons.  Bar  =  22  pm  (same  for  F).  (B)  In  the  400  rpm  cell  suspension,  most  of  the  cells  are  ChAT-positive  (green  cy¬ 
toplasmic  labeling).  Bar  =  10  pm  (same  for  C).  (C)  Propidium  iodide  nuclear  staining  (red)  of  cells  shown  in  B.  (D,E)  GFAP-positive  astroglial 
processes  (blue  staining)  are  observed  in  the  400  rpm  cell  suspension.  Some  astroglial  processes  are  attached  to  large  neurons  (red  in  E).  Bar 
in  D  =  18  pm  (same  for  E).  (F)  Prelabeling  lumbar  motor  neurons  with  retrograde  tracer  DAPI  (blue)  shows  that  most  of  the  a-motor  neu¬ 
rons  with  sciatic  nerve  axons  sort  into  the  400  rpm  cell  suspension. 


were  determined  and  group  means  were  calculated.  The  data 
were  analyzed  using  a  Student’s  t-test. 

TUNEL 

Motor  neuron  cell  suspensions  exposed  to  NONOate  (10 
p,M  or  100  p-M)  or  corresponding  vehicle  (10  p.M  or  100 
p.M  spermine/N02~)  were  analyzed  with  TUNEL.  Cells 
were  fixed  in  4%  paraformaldehyde  overnight.  They  were 
pelleted  and  washed  with  PBS  (pH  7.4),  and  then  mounted 
on  gelatin-coated  slides  by  coverslipping  to  form  a  cell 
monolayer  and  allowed  to  air-dry.  The  slides  were  rinsed  in 
PBS  for  1  hr  to  separate  the  coverslip  from  the  slides.  A 
modified  enhanced  TUNEL  procedure  was  used.  The  cells 
were  rinsed  in  1%  Triton  X-100  for  1  hr  and  washed  with 
PBS  before  they  were  rinsed  with  terminal  deoxynucleotidyl 
transferase  (TdT)  buffer  (containing  30  mM  Tris,  pH  7.2, 
140  mM  sodium  cacodylate,  3  mM  cobalt  chloride)  for  20 
min.  The  TdT  buffer  was  changed  to  fresh  TdT  buffer  (0.5 
ml/slide)  containing  TdT  (0.02U/p,l)  and  biotin-1 6-dUTP 
(50  p-M)  (both  reagents  were  from  Roche  Molecular  Bio¬ 
chemistry)  and  the  slides  were  incubated  at  37C  for  2  hr. 


The  reaction  was  terminated  by  incubating  the  slides  in  SSC 
(300  mM  sodium  chloride,  30  mM  sodium  citrate)  for  15 
min.  The  slides  were  then  incubated  in  avidin-biotin-perox- 
idase  complex  for  2  hr  at  RT.  After  washing  with  PBS,  the 
slides  were  stained  with  DAB/H2O2  for  20  min.  Some  of  the 
slides  were  counterstained  with  cresyl  violet  and  were  ob¬ 


served  and  photographed. 

1  2 

-85  kD 


-42.6  kD 


Figure  2  Immunoblot  for  ChAT  in 
motor  neuron  cell  suspensions. 
ChAT  (detected  as  a  major  band  at 
~67  kD)  is  enriched  in  lysates  of 
cell  suspensions,  confirming  the 
presence  of  a  motor  neuron  phe¬ 
notype.  Molecular  mass  markers  (in 
kD)  are  indicated  at  right.  The  lev¬ 
els  of  immunoreactivity  are  similar 
in  motor  neurons  incubated  for  30 
min  with  100  pM  ONOO  (Lane  1) 
or  vehicle  (Lane  2),  indicating  no 
generalized  degradation  of  cells. 
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Figure  3  Alkaline  (pH  12)  comet  assay  on  isolated  motor  neurons  after  exposure  to  ROS  or  axotomy.  (A)  Appearance  of  normal  cells  and 
comet  in  the  microgels  from  control  sample.  The  400  rpm  cell  preparation  was  incubated  for  15  min  in  neurobasal-A  medium.  A  single  back¬ 
ground  comet  is  observed.  The  comet  head  is  large  and  round  but  not  homogeneously  labeled  with  ethidium  bromide.  The  comet  tail  is 
short  and  granular.  The  majority  of  cells  have  normal  nuclei  without  tails,  revealing  no  detectable  DNA  damage.  Bar  =112  urn.  (B)  Comet 
in  cells  exposed  to  1  mM  H202  in  neurobasal-A  medium  for  15  min.  The  comet  has  a  round  head  and  a  short  neck  between  head  and  tail. 
Bar  =  56  pm  (same  for  C-L).  (C)  Comet  in  cells  exposed  to  1  mM  in  H202  in  MEM  for  30  min.  The  comet  head  is  small  and  the  tail  is  broad 
and  spindle  shaped.  This  pattern  of  comet  indicates  that  the  DNA  damage  is  more  severe  than  other  patterns.  (D,E).  Comets  in  motor  neu¬ 
rons  exposed  to  10  pM  SNP  for  30  min.  The  comets  are  numerous  and  have  a  head  with  a  halo  and  a  short  granular  tail  (detailed  morphol- 
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Figure  4  Histogram  of  percentage  of  comets  detected  using  dif¬ 
ferent  pH  conditions  for  the  comet  assay.  Motor  neurons  were  in¬ 
cubated  in  MEM  alone  for  30  min,  1  hr,  or  2  hr.  Alkali-labile  sites/ 
SSBs  (at  pH  13),  SSBs  (at  pH  12),  and  DSBs  (at  pH  7.4)  all  exist  in 
spontaneously  degenerating  motor  neurons.  Motor  neurons  with 
SSBs  are  significantly  more  numerous  at  30  min  compared  to  comet 
numbers  at  pH  13  (*,  p<0.05)  and  pH  7.4  (*,  p<0.05).  With  in¬ 
creased  incubation  time,  the  number  of  comets  visualized  at  pH  13 
and  pH  12  decreases,  indicating  a  decrease  in  the  formation  of  AP 
sites  (+,  p<0.05  for  pH  13  compared  to  earlier  pH  13  time  point) 
and  SSBs  (A,  p<0.05,  pH  12  compared  to  30-min  pH  12  time  point). 
In  contrast,  the  number  of  comets  detected  at  pH  7.4  remains  com¬ 
paratively  stable,  indicating  that  the  level  of  DNA  DSBs  is  relatively 
invariant.  Therefore,  the  detection  of  AP  sites  and  SSB  is  transient. 
°,  p<0.05,  pH  13,  compared  to  time  matched  pH  7.4  samples. 


Double  Labeling  of  Comet  Assay  Microgels 
with  Immunocytochemistry 

We  evaluated  the  feasibility  of  characterizing  motor  neuron 
comets  by  immunocytochemistry.  Motor  neurons  were  ex¬ 
amined  for  expression  of  survival  motor  neuron  (SMN)  pro¬ 
tein  and  p53  in  microgels  after  comet  assay.  Coverslips  from 
microgels  of  motor  neurons  exposed  to  either  H2O2  (for 
SMN)  or  NONOate  (for  p53)  were  removed  after  they  were 
stained  with  ethidium  bromide  and  observed  for  comets. 
Mouse  monoclonal  antibodies  were  used  to  localize  SMN 
(Transduction  Laboratories;  Lexington,  KY)  and  p53  (Santa 
Cruz;  Santa  Cruz,  CA).  Microgels  were  incubated  with  pri¬ 
mary  antibody  dilutions  (1:250  for  SMN  and  1:50  for  p53) 
for  24  hr  at  RT.  The  slides  were  washed  with  PBS,  then  in¬ 
cubated  (1:50-1:100  dilution)  with  Alexa-conjugated  anti¬ 


mouse  IgG  for  2  hr  at  RT.  Afterwards,  the  slides  were 
washed  and  re-coverslipped  for  observation  and  photog¬ 
raphy. 


Results 

New  approaches  need  to  be  developed  to  study  mech¬ 
anisms  of  degeneration  of  adult  motor  neurons.  Spe¬ 
cifically,  sensitive  quantitative  assays  for  specific  types 
of  DNA  lesions  need  to  be  identified  to  study  the  pos¬ 
sible  role  of  DNA  damage  in  the  upstream  mecha¬ 
nisms  of  motor  neuron  apoptosis.  We  developed  and 
characterized  a  novel  short-term,  motor  neuron-enriched 
cell  suspension  system  to  evaluate  the  formation  of 
DNA  damage  directly  in  individual  adult  spinal  motor 
neurons. 

Purification  of  a  Motor  Neuron-enriched 
Cell  Suspension 

Ventral  horns  of  cervical/lumbar  enlargements  of 
adult  rat  spinal  cord  were  microdissected  and  sub¬ 
jected  to  mild  dissociation  with  trypsin-EDTA.  The 
total  cell  suspension  was  fractionated  by  low-speed 
centrifugation.  The  different  cellular  fractions  were 
examined  for  NeuN,  ChAT,  GFAP,  and  OX-42  im¬ 
munofluorescence,  and  for  DAPI  fluorescence  to  iden¬ 
tify  a-motor  neurons  giving  rise  to  sciatic  nerve  axons. 
One  fraction  was  identified  that  is  enriched  in  motor 
neurons.  In  the  400  rpm  fraction  of  digests  of  ventral 
horn  enlargements,  neurons  comprise  ~84%  of  the 
total  cell  number  (NeuN-positive  cells/total  cells,  i.e., 
NeuN-positive  cells  and  cells  stained  with  propidium 
iodide;  Figure  1A).  Of  these  neurons,  ^86%  are  motor 
neurons  (ChAT-positive  cells/NeuN-labeled  cells;  Fig¬ 
ures  IB  and  1C).  Of  these  motor  neurons,  ~72%  are 
a-motor  neurons  giving  rise  to  sciatic  nerve  axons  (by 
DAPI  sciatic  nerve  tracing;  Figure  IF).  Some  motor 
neurons  are  entirely  or  partially  surrounded  by  frag¬ 
ments  of  astroglial  processes  (Figures  ID  and  1C),  but 
GFAP-positive  cells  are  rarely  present  in  this  fraction. 
OX-42-positive  microglial  cells  are  present  only  occa¬ 
sionally  (not  shown).  Immunoblotting  evaluation  of 


ogy  of  two  comets  is  shown  in  E).  Exposure  to  1 0  p.M  NONOate  shows  a  similar  comet  morphology.  (F)  Motor  neuron  comet  induced  by  1 00 
pM  SNP  for  1  hr.  This  type  of  comet  is  a  typical  pattern  for  exposure  to  NO  donors.  The  comet  head  is  irregularly  shaped,  with  clumped  and 
granular  DNA.  The  tail  is  very  long  and  granular.  This  comet  morphology  is  characteristic  of  apoptotic  motor  neurons.  Exposure  of  isolated 
motor  neurons  to  100  p.M  NONOate  for  1  hr  or  longer  induces  similar  patterns.  (G)  Motor  neuron  comet  induced  by  SNP  +  1  mM  H2O2, 
showing  severe  DNA  damage,  as  demonstrated  by  the  long  broad  tail  and  small  head  (much  of  the  genomic  DNA  has  been  eluted  from  the 
cell).  (H)  Prolonged  exposure  of  motor  neurons  to  SNP  +  1  mM  H202  (for  4  hr)  induces  comets  with  shorter  tails  and  irregular  heads,  with 
many  small  irregular  DNA  dumps  in  the  nucleus.  (I)  Motor  neurons  exposed  briefly  (15-30  min)  to  ONOO'  display  comets  with  ambiguous 
granular  heads  and  long  granular  tails  similar  to  the  pattern  after  exposure  to  NO  donor  at  higher  doses  or  longer  times.  (J)  At  5  days  after 
sciatic  nerve  avulsion,  the  comet  assay  identified  motor  neurons  at  very  early  stages  of  DNA  damage.  These  comets  had  very  short  granular 
tails  composed  of  large  granules  close  to  the  head,  indicating  a  few  genomic  DNA  SSBs.  (K)  At  7  days  after  the  lesion,  motor  neuron  comets 
have  a  longer  tails  compared  to  5-day  comets,  demonstrating  that  DNA  damage  progresses.  (L)  At  10  days  after  sciatic  nerve  avulsion,  the 
comets  have  very  long  tails  with  large  scattered  granules,  further  indicating  a  slowly  evolving  but  accumulating  level  of  DNA  damage  in 
motor  neurons. 
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Table  1  Quantification  of  DNA  damage  in  motor  neuron  comets  induced  by  different  ROS  in  vitro3 


Treatment 

Comet 

pattern6 

DNA  Intensity' 

DNA 

intensity 

ratio 

(taikhead) 

DNA  Area 

DNA 

area  ratio 
(taikhead) 

Tail  length 

Traditional 

comet 

moment 

(XIO4)* 

Comet 

moment 

(x105)e 

Head 

Tail 

Head 

Tail 

Control 

3A 

196.8 

13.4 

52.5  ± 

9.9 

0.27  £  0.05 

2113  £  751 

3368  £  1335 

1.7  £  0.3 

88  £  10 

0.46  £  0.10 

1.7  £  0.6 

SNP 

(10  nM) 

3E 

225.9 

+ 

3.8 

100.2  £ 

14.2 

0.44  £  0.06 

2523  £  596 

12,868  £  1808 

5.4  £  0.8 

234  £  24* 

2.32  £  0.24* 

12.6  £  0.97* 

SNP 

(100  (iM) 

3F 

156.7 

17.9 

58.4  £ 

12.4 

0.37  ±  0.06 

1859  ±  480 

26,477  £  4810 

16.8  £  7.1 

337  £  19* 1 

1.95  £  0.34* 

15.3  ±  3.6“ 

NONOate 

7A 

205.3 

£ 

12.1 

68.3  ± 

8.9 

0.33  ±  0.03 

3450  £  1048 

14,495  £  5664 

4.2  £  1.0 

242  £  26* 

1.67  £  0.36* 

8.2  £  2.4* 

SNP  +  H202 

3G 

124.2 

27.4 

40.7  £ 

11.6 

0.35  ±  0.14 

670  £  389 

29,327  £  4573 

74.9  £  50.0 

377  +  21* 

1.56  £  0.48* 

12.3  ±  5.1* 

ONOO" 

31 

172.3 

± 

16.4 

61.2  £ 

10.5 

0.36  ±  0.06 

1442  £  655 

28,032  ±  2872 

25.4  £  11.7 

366.2  £  15.2* 

2.24  ±  0.44* 

17.3  £4.1* 

"All  values  are  mean  £  SEM;  *,  significantly  different  (p<0.05)  from  control;  ",  significantly  different  (p< 0.05)  from  lower  concentration. 
bRepresentative  comet  patterns  are  shown  in  Figure  3  (for  control,  SNP,  SNP  +  H,0;,  and  ONOO")  or  Figure  7  (for  NONOate)  and  are  identified  by  the  corre¬ 
sponding  panel  letter. 

'See  Figure  5  for  delineation  of  comet  head  and  tail. 

dCalculated  from  DNA  intensity,^  x  tail  length  (Heilman  et  al.  1995). 

'Calculated  from  DNA  intensity, au  X  tail  area. 


fraction  for  ChAT  confirmed  the  presence  of  motor 
neurons  in  this  fraction  (Figure  2). 

DNA  Damage  Is  Rapidly  Induced  and  Accumulates  in 
Motor  Neurons  Undergoing  Oxidative  Stress 

Motor  neuron  cell  suspensions  were  exposed  to  H2O2, 
NO  donor,  H2O7/SNP,  or  ONOO-.  Control  cells  were 
exposed  to  vehicle  and  incubated  in  medium  for  the 
same  time.  Comet  assays  were  done  at  pH  12  (at  this 
pH  hydrogen  bonds  in  DNA  destabilize,  causing 
strand  separation).  Comets  were  observed  with  each 


Digital  # 


Figure  5  Measurement  of  DNA  damage  in  motor  neurons  with 
the  comet  assay.  Digital  image  (upper  image)  of  a  motor  neuron 
comet  (the  tail  and  the  head  comprise  the  comet)  found  in  micro¬ 
gels  after  single-cell  gel  electrophoresis.  Ethidium  bromide  staining 
of  DNA  is  in  pseudocolor.  Each  color  indicates  a  different  DNA  con¬ 
tent,  with  black  indicating  highest  DNA  intensity  (background 
color  has  the  intensity  of  0).  Comet  contour  (lower  image)  delin¬ 
eating  comet  head  (1)  and  tail  (2). 


treatment  (Figure  3).  Each  treatment  gave  consistent 
results,  with  the  major  comet  pattern  generated  from 
each  exposure  being  highly  reproducible  (Figure  3). 
Figure  3  shows  the  most  common  patterns  of  comets 
after  different  treatments. 

In  microgels  of  control  samples,  the  nuclei  of  many 
intact  cells  stained  with  ethidium  bromide.  Motor 
neurons  with  intact  genomic  DNA  in  gels  stained  with 
ethidium  bromide  have  an  evenly  stained,  smooth 
round  nucleus  without  a  tail  (Figure  3A),  indicating 
no  DNA  damage.  In  control  motor  neuron  suspen¬ 
sions  incubated  in  Neurobasal-A  medium,  the  percent¬ 
age  of  comets  is  ~10%  or  less.  Control  comets  have  a 
large  round  head,  densely  labeled  with  ethidium  bro¬ 
mide,  and  a  short  granular  tail,  composed  of  large 
scattered  granules  (Figure  3A).  We  have  reported  pre¬ 
viously  (Liu  and  Martin  2001)  that  viability  of  adult 
motor  neurons  in  suspension  is  influenced  by  culture 
medium.  Neurobasal  medium  is  much  better  than 
MEM  for  maintaining  adult  motor  neurons  in  vitro. 
Isolated  mature  motor  neurons  produce  high  levels  of 
02“  and  spontaneously  degenerate  in  MEM  (Liu  and 
Martin  2001).  We  used  this  system  to  evaluate  the  ef¬ 
fects  of  DNA-unwinding  solution  pH  on  comet  detec¬ 
tion.  At  30  min  of  incubation,  many  more  motor  neu¬ 
ron  comets  are  observed  at  pH  12  compared  to  the 
number  at  pH  13  and  7.4  (Figure  4).  In  addition,  the 
number  of  comets  decreases  over  time  (Figure  4). 
These  results  indicate  that  DNA  SSBs  are  formed  rap¬ 
idly  and  accumulate  transiently  in  dying  motor  neu¬ 
rons. 

A  comparison  of  control  comets  (Figure  3 A)  with 
comets  induced  by  H2O2  (Figure  3B)  and  NO  donors 
(Figures  3D-3H)  shows  the  striking  difference  in  the 
comet  profiles  and  amount  (Table  1)  of  DNA  damage. 
With  1  mM  H2O2  exposure  in  neurobasal-A  medium, 
the  comets  have  a  round  head,  a  tail  with  fine  gran- 
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ules,  and  a  short  neck  between  head  and  tail  (Figure 
3B).  With  1  mM  H2O2  exposure  in  MEM,  the  comets 
have  huge  spindle-shaped  tails  with  a  small  round 
head  (Figure  3C),  indicating  severe  DNA  damage  and 
elution  from  the  cell.  Exposure  to  NO  donors  gener¬ 
ates  consistent  comet  profiles  depending  on  exposure 
concentration  and  duration.  In  general,  with  exposure 
to  10  pM  SNP  or  NONOate  for  15  min,  30  min,  or 
even  1  hr,  the  comet  head  has  a  halo  composed  of 
large  granules,  with  a  short  granular  tail  (Figures  3D 
and  3E).  With  100  pM  or  higher  doses,  or  with  10 
pM  for  more  than  1  hr  of  exposure,  the  head  halo  is 
less  prominent  but  the  tail  length  increases  (Table  1), 
and  it  is  still  composed  of  scattered  large  granules 
(Figure  3F).  Another  comet  pattern  that  shows  severe 
DNA  damage  is  found  after  motor  neurons  are  ex¬ 
posed  to  100  pM  SNP  with  1  mM  H2O2  (Figure  3G). 
With  these  comets  the  head  is  small  and  the  tail  is  long 
and  wide;  the  degree  of  DNA  damage  is  severe  (Table 
1).  With  increased  exposure  to  100  pM  SNP  with  1 
mM  H2O2,  the  comet  head  contains  some  clumped 
DNA,  as  shown  by  ethidium  bromide  staining  (Figure 
3H).  We  have  found  previously  that  the  combination 
of  SNP  with  1  mM  H2O2  induces  severe  protein  nitra¬ 
tion  in  motor  neuron  suspensions  (Liu  and  Martin 
2001),  indicating  the  formation  of  ONOO~  by  the  re¬ 
action  of  NO  with  O2-.  We  therefore  exposed  motor 
neurons  to  ONOO"  directly,  and  the  majority  of  com¬ 
ets  have  granular  heads  and  long  granular  tails  (Figure 
31;  Table  1).  The  DNA  damage  profiles  of  NO  do¬ 
nors,  NO  donor  plus  H2O2,  and  ONOO“  are  similar. 


Measurement  of  DNA  Damage 

The  comet  moment  is  regarded  as  one  of  the  best  indi¬ 
ces  of  induced  DNA  damage  in  cells  (Singh  et  al. 
1988;  Heilman  et  al.  1995).  The  extent  of  DNA  dam¬ 
age  was  determined  by  measuring  the  displacement  of 
DNA  between  the  cell  nucleus  (i.e.,  the  comet  head) 
and  the  tail  (Table  1).  Cells  with  more  DNA  damage 
show  an  increased  migration  of  DNA  in  the  direction 
of  electrophoresis  (Ostling  and  Johanson  1984;  Singh 
et  al.  1988).  DNA  migration  length  is  believed  to  be 
directly  related  to  fragment  size,  and  it  is  believed  mi¬ 
gration  is  proportional  to  the  level  of  SSBs  and  alkali- 
labile  sites  (Tice  et  al.  2000).  DNA  density  and  comet 
moments  for  individual  motor  neurons  were  measured 
using  the  fluorescence  intensity  of  ethidium  bromide- 
stained  DNA  (Figure  5).  Randomly  selected  comets 
(^10-30  comets  in  each  treatment  group)  were  cap¬ 
tured  as  digital  images  using  Inquiry  software  (Loats 
Associates;  Westminster,  MD).  Comets  were  saved  in 
TIFF  format.  Each  comet  was  used  to  obtain  several 
measurements  by  delineating  the  region  of  interest 
(Figure  5).  DNA  intensityi,cni|,  DNA  intensity tan,  area|lcaj, 
and  areat.,;i  were  measured.  Tail  length  was  measured 
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Figure  6  Comet  assay  analysis  of  different  forms  of  DNA  damage 
induced  in  motor  neurons  exposed  to  NO  donor.  (A)  Histogram  of 
percentage  of  comets  induced  by  10  pM  NONOate.  No  significant 
increases  in  %  comets  are  observed  in  control  groups  with  in¬ 
creased  incubation  time  at  both  pH  12  and  pH  13.  The  number  of 
motor  neurons  with  SSBs  after  NONOate  exposure  is  significantly 
higher  than  the  comet  number  in  time-matched  control  motor 
neurons  at  each  time  examined  (*p<0.05  and  **p<0.01).  In  addi¬ 
tion,  the  number  of  cells  with  SSBs  increases  with  increased  expo¬ 
sure  time  (+,  p< 0.05  2-hr  exposed  cells  compared  to  30-min 
exposed  cells).  In  contrast,  the  number  of  comets  at  pH  13  (alkali- 
labile  sites/SSBs)  is  not  different  from  time-matched  controls,  ex¬ 
cept  for  2  hr  exposure  (*,  p< 0.05),  and  the  number  does  not 
change  with  increased  exposure  time.  The  number  of  cells  with 
SSBs  (pH  12)  is  significantly  higher  (a,  p< 0.05)  at  2  hr  than  the  num¬ 
ber  of  cells  with  alkali-labile  sites/SSBs  (pH  13).  (B)  Histogram  of 
comet  percentage  after  exposure  of  motor  neurons  to  100  g.M 
NONOate.  The  number  of  comets  with  SSB  is  significantly  higher  at 
1  hr  and  2  hr  compared  to  time-matched  controls  (*,  p<0.05)  and 
significantly  higher  at  1  hr  compared  to  30-min  exposed  cells,  but 
significantly  lower  at  2  hr  compared  to  1  hr  (',  p<0.05).  The  num¬ 
ber  of  comets  detected  at  pH  13  did  not  differ  significantly  from 
time-matched  controls. 
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Figure  7  Comet  morphology  at  different  pH  conditions  and  comet  assay  combined  with  immunocytochemistry  in  microgels.  (A)  At  pH  12, 
motor  neurons  exposed  to  NONOate  (10  pM,  30  min)  have  comets  with  prominent  halos  and  short  granular  tails  (under  exposure  to  show 
the  head  core  clearly).  Bar  =  56  pm  (same  for  B  and  C).  (B)  At  pH  13,  motor  neuron  comets  (in  cells  with  the  identical  experimental  treat¬ 
ment  as  in  A  have  no  halos  and  display  longer  highly  granular  tails.  The  comet  morphologies  at  pH  13  compared  to  pH  12  reveal  that  the 
head  halo  observed  at  pH  12  contains  AP  sites  that  are  converted  into  SSBs  that  appear  as  DNA  granules  that  are  eluted  out  of  head.  (C) 
ONOO~  (100  pM,  30  min)  induces  DSBs  in  motor  neurons  as  indicated  by  comets  with  short  tails  and  irregular  heads  detected  at  pH  7.4.  (D-F) 
Immunophenotyping  of  comets.  Motor  neuron  comet  (D)  induced  by  exposure  to  10  mM  H2O2  and  visualized  with  ethidium  bromide.  Bar  = 
75  pm.  The  comet  head  is  positive  for  SMN  (green  in  E),  confirming  that  the  cell  is  a  motor  neuron.  Bar  =  94  pm.  SMN  immunoreactivity  in 
the  nucleus  has  a  fibrillar  structure  (green  in  F)  that  surrounds  the  ONA  core  (red  ethidium  bromide  staining  in  F).  Bar  =  19  pm.  (G,H)  p53  is 
expressed  in  motor  neurons  exposed  to  NONOate.  Although  these  cells  are  not  showing  comets  (G)  the  DNA  staining  (red  in  G)  is  suggestive 
of  apoptosis,  particularly  in  the  cell  on  the  left  the  DNA  is  condensed  as  a  single  large  mass  and  the  cell  on  the  right  has  several  mini-masses. 
Bar  =  33  pm  (same  for  H).  These  cells  are  immunoreactive  for  p53  (green  in  H).  In  the  cell  at  advanced  apoptosis,  the  p53  staining  is  faint 
(cell  at  left),  whereas  in  cell  in  the  active  stage  of  DNA  condensation  (cell  at  right),  p53  immunoreactivity  is  prominent  and  appears  bound 
to  DNA  granules. 


from  the  center  of  the  head  to  the  end  of  the  tail.  Rela¬ 
tive  DNA  content  is  reflected  by  the  average  inte¬ 
grated  intensity  of  fluorescence.  The  amount  of  DNA 
damage  for  each  cell  is  derived  from  the  calculation  of 


the  comet  moment  (Heilman  et  al.  1995;  Petersen  et 
al.  2000).  We  calculated  the  comet  moment  by  two 
different  methods.  The  traditional  calculation  is  DNA 
intensitytaj|  X  tail  length  (Heilman  et  al.  1995).  Be- 
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Figure  8  Comet  assay  analysis  of  different  forms  of  DNA  damage 
induced  in  motor  neurons  exposed  to  ONOO".  (A)  Histogram  of 
percentage  of  comets  induced  by  exposure  to  10  p.M  ONOO"  or  ve¬ 
hicle  (V)  in  neurobasal-A.  Comet  assays  were  done  at  pH  12  and  13. 
The  comet  number  in  motor  neurons  exposed  to  ONOO"  for  15 
min  is  prominent  at  pH  13  (*,  p<0.05  compared  to  the  time-  and 
pH-matched  control  cells),  but  comet  number  decreased  with  in¬ 
creased  exposure  time  (\  p<0.05  for  1-hr  exposed  cells  compared 
to  15-min  exposed,  pH-matched  cells).  The  number  of  comets  in 
identical  samples  at  pH  12  increases  significantly  as  exposure  time 
increases  (*,  p<0.05;  **,  p<0.01  compared  to  time-matched  con¬ 
trol  cells  at  pH  12).  At  1-hr  exposure  to  ONOO  ,  number  of  comets 
detected  at  pH  12  (cells  with  SSBs)  is  significantly  greater  (4, 
p<0.05)  than  the  number  of  comets  detected  at  pH  13  (cells  with 
AP  sites/SSBs).  (B)  Histogram  of  %  comets  induced  by  exposure 
to  100  p.M  ONOO  or  vehicle  (V)  in  neurobasal-A.  Comet  assays 
were  done  at  pH  12  and  7.4.  DNA  damage  as  DSBs  (as  revealed 
with  comet  assay  under  neutralized  conditions)  is  very  prominent 


cause  this  equation  does  not  take  into  consideration 
the  broadness  of  the  tail,  we  also  calculated  the  comet 
moment  from  DNA  intensity taii  X  areataii. 

The  comets  in  control  motor  neurons  have  low  mo¬ 
ments  ('v-'1.7  X  105;  Table  1).  The  comet  moments  in 
motor  neurons  exposed  to  ROS  are  significantly 
higher  than  those  of  controls  (Table  1).  These  mea¬ 
surements  show  that  NO,  NO  plus  H2O2,  and 
ONOO-  induce  DNA  damage  directly  in  motor  neu¬ 
rons.  In  addition,  the  results  show  that  the  comet  mo¬ 
ment  is  a  sensitive  measure  of  DNA  damage  in  motor 
neurons. 

DNA  Damage  Occurs  Early  in  Motor  Neurons 
Undergoing  Apoptosis  In  Vivo 
We  applied  the  comet  assay  to  an  in  vivo  model  of 
motor  neuron  apoptosis  in  adult  spinal  cord.  Sciatic 
nerve  avulsion  in  adult  rat  causes  apoptosis  of  lumbar 
motor  neurons  over  7-14  days  (Martin  et  al.  1 999). 
To  identify  whether  DNA  lesions  occur  in  motor  neu¬ 
rons  early  during  the  progression  of  apoptosis  in  vivo, 
the  comet  assay  was  used  on  motor  neurons  isolated 
from  rats  with  sciatic  nerve  avulsions.  With  the  same 
dissection  and  dissociation  as  mentioned  above,  the 
ipsilateral  and  contralateral  motor  neuron  columns  in 
the  lumbar  enlargement  from  sciatic  nerve-avulsed  an¬ 
imals  were  separately  isolated  and  directly  analyzed 
with  the  comet  assay  after  cell  sorting.  We  detected 
DNA  damage  in  lumbar  motor  neurons  injured  by  sci¬ 
atic  nerve  avulsion.  Motor  neurons  from  the  con¬ 
tralateral  side  did  not  show  comets  at  any  time.  In 
contrast,  as  early  as  5  days  after  sciatic  nerve  avulsion, 
the  comet  assay  shows  DNA  damage,  with  comet  pro¬ 
files  having  a  large  head  and  a  very  short  tail  (Figure 
3J).  At  7  days  after  sciatic  nerve  avulsion,  the  comet 
head  is  looser  and  tail  is  longer  (Figure  3K)  than  at  5 
days.  At  10  days  after  sciatic  nerve  avulsion,  some  of 
the  comets  have  small  heads  and  very  long  granular 
tails  (Figure  3L),  whereas  others  have  a  head  with  a 
big  halo  and  a  short  granular  tail  (Liu  and  Martin 
2001).  Both  are  similar  to  the  comet  patterns  observed 
after  motor  neurons  are  exposed  to  NO  donors  (Fig¬ 
ures  3D-3F).  At  14  and  28  days  after  sciatic  nerve 
avulsion,  no  comets  are  observed  in  motor  neurons 
from  either  ipsilateral  or  contralateral  lumbar  ventral 
horns. 


(*,  p<0.05  compared  to  time-  and  pH-matched  control  cells  and 
6  p< 0.05  compared  to  pH  12  cells).  In  contrast,  motor  neurons 
with  SSBs  as  revealed  with  comet  assay  under  alkaline  conditions 
(pH  12)  are  not  as  numerous  as  motor  neurons  with  DSBs,  although 
the  number  of  cells  with  SSBs  is  still  significantly  higher  than  time- 
matched  control  cells  at  15  min  (*,  p<0.05).  The  results  indicate 
that  ONOO  rapidly  and  strongly  induces  severe  DNA  damage  in 
motor  neurons. 
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Figure  9  DNA  fragmentation  in  motor  neurons  exposed  to  NO  do¬ 
nor  as  analyzed  by  TUNEL.  Adult  motor  neurons  were  isolated,  ex¬ 
posed  in  vitro  to  10  p.M  NONOate  or  vehicle  for  30  min,  washed, 
and  mounted  on  slides.  (A)  Time-matched,  vehicle-treated  control 
motor  neurons  are  not  TUNEL  positive  (no  brown  staining  is  ob¬ 
served).  These  cells  were  counterstained  with  cresyl  violet  to  visu¬ 
alize  the  large  round  motor  neurons  isolated  by  ourtechnique.  (B) 


Identification  of  Different  Types  of  DNA  Damage 
in  Motor  Neurons  by  Varying  pH  Conditions 
The  use  of  different  pH  conditions  during  electro¬ 
phoresis  is  an  approach  to  discriminate  between  DNA 
strand  breaks  and  alkali-labile  sites  (Tice  et  al.  2000). 
This  approach  has  been  validated  (Tice  et  al.  2000) 
but  it  has  not  been  applied  to  neurons.  At  pH  ^13,  al¬ 
kali-labile  sites  are  thought  to  be  converted  into  SSBs, 
and  DNA  crosslinking  diminishes  migration  of  DNA 
strand  breaks.  At  pH  13,  we  did  not  observe  comets  in 
motor  neurons  exposed  to  10  mM  H2O2  in  neu- 
robasal-A  for  several  durations  (30,  45,  60,  and  90 
min).  At  pH  12,  many  comets  are  observed  after  expo¬ 
sure  of  motor  neurons  to  10  mM  H2O2  (Liu  and  Mar¬ 
tin  2001).  These  results  with  neurons  are  consistent 
with  results  from  non-neuronal  cells  showing  that 
H2O2  mainly  induces  SSBs  (SSBs:DSBs  ~1:2000)  in¬ 
stead  of  DSB  or  alkali-labile  sites  (Singh  et  al.  1988; 
Horvathova  et  al.  1999).  We  conclude  that  comet  as¬ 
say  conditions  using  pH  12  electrophoresis  buffer  are 
appropriate  for  detecting  primarily  DNA  SSBs  in  mo¬ 
tor  neurons  induced  by  H2O2. 

We  evaluated  the  types  of  DNA  damage  (SSBs  or 
alkali-labile  sites)  induced  in  motor  neurons  exposed 
to  NO  (Figure  6).  At  two  different  concentrations  of 
NONOate  (10  and  100  p,M,  exposure  for  1  or  2  hr), 
the  number  of  comets  detected  at  pH  12  was  generally 
greater  than  the  number  observed  at  pH  13.  The 
comet  morphology  was  different  at  pH  12  and,  com¬ 
pared  to  pH  13  (Figures  7A  and  7B).  At  pH  12,  com¬ 
ets  had  prominent  halos  and  short  tails  (Figure  7A), 
and  comets  at  pH  13  had  no  halos  and  long  granular 
tails  (Figure  7B).  At  pH  conditions  of  12.6  or  higher, 
alkali-labile  sites  are  converted  to  SSBs  and,  therefore 
a  pH  S:  1 3  maximizes  the  detection  of  alkali-labile 
sites  as  SSBs  (Kohn  1991).  The  presence  of  increased 
DNA  migration  from  motor  neurons  at  pH  13  indi¬ 
cates  specifically  the  induction  of  alkali-labile  sites,  as 
well  as  SSBs,  by  NO  donor.  The  formation  of  DNA 
SSBs  is  very  dynamic.  Exposure  of  motor  neurons  to 
10  pM  causes  a  progressive  accumulation  of  DNA 
SSBs  over  a  2-hr  period,  while  the  level  of  alkali-labile 


Panoramic  view  showing  many  TUNEL-positive  motor  neurons 
(brown  cells)  after  exposure  to  NONOate.  <C— E)  Morphological  pro¬ 
gression  of  NO-induced  apoptosis  of  adult  spinal  motor  neurons  in 
vitro  as  detected  with  TUNEL.  At  early  stages  of  apoptosis,  DNA 
fragmentation  is  diffuse  throughout  the  nucleus,  but  the  nuclear 
membrane  is  intact  with  no  leakage  of  DNA  fragments  into  the  cy¬ 
toplasm  (C).  Cells  progress  to  show  faint  cytoplasmic  labeling 
(lower  cell  in  D).  Not  all  motor  neurons  show  DNA  fragmentation 
after  exposure  to  NO  donor  (unlabeled  upper  cell  in  D).  End-stage 
apoptotic  motor  neurons  (E)  show  TUNEL  staining  of  DNA  that  is 
organized  into  dense  round  masses  surrounded  by  a  lighter-stain¬ 
ing  cytoplasm,  typical  of  apoptosis.  Bars:  A  =  7  p.m  (same  for  C-E); 
B  (same  bar  as  in  A)  =  40  |j,m. 
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sites  is  relatively  invariant  (Figure  6A).  With  exposure 
of  motor  neurons  to  100  |xM  NONOate,  a  prominent 
peak  in  the  number  of  comets  detected  at  pH  12  is  ob¬ 
served  at  1  hr  (Figure  6B).  The  DNA  SSBs  are  formed 
within  a  30-min  time  window.  Therefore,  motor  neu¬ 
rons  exposed  to  NO  rapidly  form  DNA  SSBs  and  al¬ 
kali-labile  sites. 

The  types  of  DNA  damage  were  analyzed  in  motor 
neurons  exposed  to  ONOO~  (Figure  8).  ONOO~  in¬ 
duces  rapid  formation  of  alkali-labile  sites,  followed 
by  an  accumulation  of  SSBs  while  alkali-labile  sites  de¬ 
cline  (Figure  8A).  In  addition,  ONOO~  induces  DSBs 
(pH  7.4)  very  quickly  in  motor  neurons  (Figures  7C 
and  8B).  These  changes  in  motor  neuron  DNA  were 
not  the  result  of  generalized  cellular  degradation  be¬ 
cause  ChAT  levels  remained  stable  (Figure  2).  There¬ 
fore,  ONOO~  is  a  potent  DNA-damaging  agent  that 
concurrently  induces  alkali-labile  sites,  SSBs,  and 
DSBs  in  motor  neurons. 

TUNEL  Analysis  of  Isolated  Adult  Motor  Neurons 
Exposed  to  NO  Donor 

TUNEL  is  a  commonly  used  method  for  detecting 
DNA  damage  in  cells.  For  comparison  with  the  comet 
assay,  we  used  the  TUNEL  method  on  motor  neurons 
exposed  to  NO  donor.  Motor  neuron  cell  suspensions 
were  exposed  to  NONOate  (10  pM  or  100  pM)  or 
corresponding  vehicle  (10  pM  or  100  pM  spermine/ 
NOz-).  TUNEL  confirmed  that  NO  is  toxic  to  motor 
neurons  because  many  motor  neurons  were  TUNEL- 
positive  after  exposure  to  NONOate  (Figures  9B-9E) 
but  not  after  exposure  to  spermine/NOz"  (Figure  9A). 
TUNEL  staining  ranged  from  light  (Figures  9C  and 
9D)  to  very  dark  and  aggregated  (Figure  9E).  How¬ 
ever,  the  types  of  DNA  damage  could  not  be  ascer¬ 
tained  with  the  TUNEL  method;  yet,  a  major  advan¬ 
tage  of  the  TUNEL  method  over  the  comet  assay  is 
that  the  morphological  progression  of  motor  neuron 
apoptosis  is  better  appreciated  with  the  TUNEL 
method  (Figure  9E). 

Combination  of  Comet  Assay 
with  Immunocytochemistry 

We  evaluated  whether  comet  assay  and  immunocy- 
tochemical  techniques  could  be  combined.  This  com¬ 
bination  is  desirable  because  information  on  the 
expression  of  specific  proteins  is  helpful  for  under¬ 
standing  the  mechanisms  of  DNA  damage-induced 
motor  neuron  apoptosis  (Martin  et  al.  2000).  Survival 
motor  neuron  (SMN)  protein,  a  motor  neuron  protein 
that  functions  in  cell  survival  (Liu  and  Dreyfuss  1996), 
is  detectable  in  microgels  after  the  comet  assay  in  the 
400  rpm  cell  preparation  (Figures  7D-7F),  further 
confirming  that  these  cells  are  motor  neurons.  Al¬ 
though  cytoplasmic  proteins  are  degraded  by  the  lysis 


procedure,  SMN  has  a  nuclear  localization  and  ap¬ 
pears  fibrous  under  alkaline  conditions  (Figure  7F). 
p53  immunoreactivity  is  also  detected  in  the  cells  after 
comet  procedures.  p53  is  a  known  DNA-binding  pro¬ 
tein.  Cells  without  tails  showed  p53  immunoreac¬ 
tivity.  Some  positive  cells  had  faint  labeling,  with  a 
nucleus  that  was  small  and  shrunken  with  DNA  con¬ 
densed  after  the  SSB  stage  (Figure  7G).  Other  cells  had 
nuclei  with  p53  granules,  some  of  which  co-localized 
with  DNA  granules  (Figure  7G  and  7H).  This  pattern 
was  observed  frequently  in  motor  neurons  exposed  to 
NO  donor. 

Discussion 

This  work  advances  the  study  of  motor  neurons  in 
three  ways.  It  shows  that  mature  spinal  motor  neurons 
can  be  isolated  and  used  for  in  vitro  models  of  neuro¬ 
toxicity.  This  demonstration  was  extended  by  show¬ 
ing  that  adult  motor  neurons  can  also  be  isolated  from 
in  vivo  models  of  motor  neuron  degeneration  and 
evaluated  for  DNA  damage  using  single-cell  analysis. 
This  study  also  shows  for  the  first  time  that  the  comet 
assay  is  a  useful  method  for  measuring  distinct  DNA 
lesions  in  individual  motor  neurons.  Using  the  comet 
assay  with  different  pH  conditions,  we  identified  the 
coexistence  of  different  types  of  early  DNA  damage  in 
motor  neurons.  This  approach  may  enable  the  study 
of  motor  neuron  disease  to  move  in  new  directions, 
particularly  with  regard  to  understanding  mechanisms 
of  DNA  damage-induced  apoptosis  of  motor  neurons, 
which  is  relevant  to  ALS  (Martin  2000). 

Mature  Motor  Neurons  Can  Be  Studied  In  Vitro 

We  developed  a  new  approach  to  study  mature  motor 
neurons  by  creating  a  short-term,  motor  neuron- 
enriched  cell  suspension  isolated  from  spinal  cord  ven¬ 
tral  horn  enlargements  of  adult  rat.  The  motor  neuron 
enrichment  of  this  cell  system  was  confirmed  by  im- 
munophenotyping  (e.g.,  ChAT,  NeuN,  and  SMN), 
retrograde  tracing,  and  immunoblotting.  Electron  mi¬ 
croscopy  has  also  been  used  to  confirm  the  presence  of 
motor  neurons  in  this  preparation  (Liu  and  Martin 
2001).  This  isolation  technique  for  adult  motor  neu¬ 
rons  can  be  applied  successfully  to  paradigms  of  in 
vivo  motor  neuron  injury  (e.g.,  axotomy)  to  under¬ 
stand  mechanisms  of  motor  neuron  degeneration  us¬ 
ing  in  vitro  assays. 

We  took  advantage  of  the  structural  features  (i.e., 
their  large  size)  of  adult  motor  neurons  and  the  large 
difference  in  size  between  spinal  motor  neurons  and 
surrounding  cells  in  the  ventral  horn  to  assist  in  their 
isolation  by  centrifugation.  With  strict  microdissec¬ 
tion  and  appropriate  dissociation,  our  cell-sorting 
method  may  also  be  useful  for  isolating  other  popula¬ 
tions  of  selectively  vulnerable  neurons,  including  cere- 
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bellar  Purkinje  cells,  CA1  pyramidal  neurons,  and  ni¬ 
gral  dopaminergic  neurons.  This  procedure  could  be 
highly  applicable  for  Purkinje  cells  because  these  neu¬ 
rons  are  much  larger  than  any  adjacent  cells,  although 
the  appropriate  centrifugation  speeds  and  times  need 
to  be  identified  for  neuronal  types  other  than  spinal 
motor  neurons. 

This  method  is  an  important  technical  advance¬ 
ment  in  the  field  of  motor  neuron  degeneration  be¬ 
cause  very  few  methods  are  available  to  study  motor 
neurons  in  vitro!  Embryonic  motor  neuron  cultures 
are  a  widely  used  in  vitro  system  (Henderson  et  al. 
1995),  but  these  are  immature  neurons  in  a  low-den¬ 
sity  culture.  A  recognized  limitation  of  our  model  is 
the  relatively  short  viability  of  adult  motor  neurons  in 
suspension  (~40%  survival  at  24  hr  after  isolation; 
Liu  and  Martin  2001),  but  long-term  viability  is  also  a 
problem  with  embryonic  motor  neurons,  such  that 
these  cells  are  usually  studied  for  only  24-48  hr  after 
plating.  There  are  several  advantages  of  our  mature 
motor  neuron  system.  First,  the  cells  are  adult  neurons 
and,  because  neuronal  maturity  appears  to  influence 
cell  death  mechanisms  (Portera-Cailliau  et  al.  1997), 
this  system  may  be  more  relevant  than  embryonic  cell 
models  for  understanding  motor  neuron  degeneration 
in  ALS.  Second,  injured  motor  neurons  can  be  isolated 
from  adult  animals  after  in  vivo  spinal  cord  or  periph¬ 
eral  nerve  manipulations.  Similar  experimental  manip¬ 
ulations  cannot  be  done  with  embryonic  systems. 
Third,  our  isolation  technique  yields  a  high  density  of 
motor  neurons  (i.e.,  large  number  of  cells)  that  can  be 
used  not  only  for  comet  assay  and  immunocytochemi- 
cal  methods  but  also  for  biochemical  assays  (e.g.,  irn- 
munoblotting  and  Southern  blotting).  Fourth,  this  iso¬ 
lation  approach  can  be  extended  to  adult  transgenic 
mouse  models  of  motor  neuron  degeneration.  Fifth, 
our  in  vitro  cell  system  can  be  used  as  a  high-through¬ 
put  screening  system  for  environmental,  synthetic,  or 
biological  compounds  for  neurotoxic  (genotoxic), 
neuroprotective,  or  survival  activities  on  adult  motor 
neurons. 

Early  DNA  Damage  in  Motor  Neurons  Can  Be 
Measured  with  the  Comet  Assay 
Since  Kohn  discovered  that  single-strand  DNA  is 
eluted  rapidly  under  the  alkaline  condition  from  cells 
onto  filters,  the  alkaline  elution  method  has  been  used 
to  detect  and  measure  low-level  DNA  damage  in  eu¬ 
karyotic  cells  (Kohn  et  al.  1976).  This  principle  guided 
the  development  of  a  new  method  for  analyzing  DNA 
damage  at  the  level  of  individual  cells  using  single-cell 
gel  electrophoresis  (Ostling  and  Johanson  1984;  Singh 
et  al.  1988).  The  comet  assay  detects  DNA  SSBs  at  pH 
-"'•'12,  DNA  DSBs  at  neutralized  conditions,  DNA- 
DNA  or  DNA-protein  crosslinking,  alkali-labile  sites 


that  cause  SSBs  under  alkali  conditions  (pH  >12.6), 
and  damage  to  purine  and  pyrimidine  bases  (AP  sites). 
The  comet  assay  is  sensitive  enough  for  detecting  one 
break  per  2  X  10 1(1  Daltons  of  DNA  in  lymphocytes 
(Singh  et  al.  1988).  However,  very  few  studies  have 
applied  the  comet  assay  to  neurons  (Lai  and  Singh 
1995;  Morris  et  al.  1999;  Liu  and  Martin  2001).  In 
our  description  here,  we  used  two  different  models  of 
motor  neuron  degeneration  to  evaluate  the  feasibility 
of  the  comet  assay  for  detecting  early  low-level  DNA 
damage. 

For  one  approach,  we  isolated  motor  neurons  using 
our  new  method  and  exposed  these  cells  in  vitro  to 
different  ROS,  followed  by  analysis  by  the  comet  as¬ 
say.  Motor  neuron-enriched  cell  suspensions  were  ex¬ 
posed  to  H202,  NO  donors,  H202  +  NO  donor,  and 
ONOO-.  We  tested  the  hypothesis  that  oxidative 
stress  causes  adult  motor  neurons  to  accumulate 
DNA  damage.  We  used  different  pH  conditions  during 
electrophoresis  to  discriminate  between  DNA  strand 
breaks  and  alkali-labile  sites  in  motor  neurons.  Inter¬ 
estingly,  we  found  that  different  ROS  induce  different 
DNA  damage  signatures  in  neurons,  which  has  not 
been  shown  before.  H202  induces  primarily  SSBs  in 
motor  neurons,  consistent  with  previous  reports  using 
non-neuronal  cells  (Horvathova  et  al.  1999).  NO  do¬ 
nors  induce  alkali-labile  (AP)  sites  and  also  SSBs, 
whereas  ONOO-  induces  a  combination  of  SSBs, 
DSBs,  and  AP  sites. 

In  the  other  model  we  used  an  in  vivo  lesion  that  in¬ 
duces  motor  neuron  apoptosis  (Martin  et  al.  1999). 
After  this  lesion,  motor  neurons  were  isolated  during 
the  early  progression  of  degeneration  and  analyzed  by 
the  comet  assay.  Motor  neurons  in  the  unlesioned  side 
of  spinal  cord  did  not  show  comets  at  any  time  (Liu 
and  Martin  2001).  In  the  lesioned  side,  motor  neurons 
at  5  days  after  sciatic  nerve  avulsion  had  DNA  dam¬ 
age,  as  detected  with  the  comet  assay.  At  this  time, 
TUNEL  labeling  is  negative  in  motor  neurons  (Martin 
et  al.  1999).  The  motor  neuron  comets  have  a  large 
head  and  a  very  short  tail  at  5  days  post  lesion.  DNA 
damage  in  motor  neurons  was  also  detected  at  7  days 
after  sciatic  nerve  avulsion.  The  comet  heads  are 
looser  and  tails  are  longer  than  at  5  days.  At  7  days 
post  lesion,  the  TUNEL  method  slightly  detects  DNA 
damage  in  the  ipsilateral  side  of  lumbar  spinal  cord  af¬ 
ter  sciatic  nerve  avulsion  (Martin  et  al.  1999).  At  10 
days  post  lesion,  the  comet  assay  reveals  motor  neu¬ 
rons  with  more  advanced  comets  than  at  earlier  time 
points,  indicating  accumulating  DNA  damage.  Be¬ 
yond  10  days,  motor  neuron  comets  were  not  detected 
in  the  400  rpm  fraction  but  were  detected  in  higher- 
speed  centrifugation  fractions  (Liu  and  Martin  2001), 
indicating  that  the  cells  are  now  lighter,  and  possibly 
hypoploid,  due  to  the  apoptotic  process  (Martin  et  al. 
1999).  An  increase  in  DNA  SSBs  could  be  caused  by 
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an  increased  rate  of  DNA  lesion  formation  or  a  reduc¬ 
tion  in  DNA  repair  mechanisms  (Lai  and  Singh  1995). 
The  comets  of  motor  neurons  after  avulsion  and  the 
comets  of  motor  neurons  exposed  to  NO  donor  in 
vitro  are  similar  on  the  basis  of  comet  morphology. 
Because  avulsion-induced  motor  neuron  death  is 
apoptosis  (Martin  et  al.  1999),  comet  patterns  consist¬ 
ing  of  prominent  DNA  granules  within  the  heads  and 
tails  are  therefore  signatures  of  apoptosis  in  neurons. 

The  comet  assay  has  advantages  over  other  more 
frequently  used  methods  for  detecting  DNA  damage 
(e.g.,  nick  end-labeling  methods  such  as  TUNEL).  It 
appears  that  assays  for  single-stranded  DNA  are  more 
sensitive  and  specific  than  TUNEL  for  apoptosis.  We 
have  confirmed  indirectly  the  sensitivity  of  comet  as¬ 
say  detection  of  DNA  SSBs  as  an  early  and  sensitive 
marker  for  apoptosis.  We  found  that  DNA  SSBs  are 
visualized  prominently  in  avulsed  motor  neurons  at 
least  2  days  before  the  detection  of  DNA  fragmenta¬ 
tion  by  TUNEL  (Martin  et  al.  1999)  and  5  days  before 
round  DNA-containing  aggregates  are  detected  in  the 
nucleus  (Liu  and  Martin  2001).  The  results  indicate 
that  the  comet  assay  is  more  sensitive  than  the 
TUNEL  method  for  showing  DNA  damage.  More¬ 
over,  in  motor  neurons  exposed  to  oxidative  stress, 
DNA  SSBs  are  detected  prominently  before  morpho¬ 
logical  evidence  for  chromatin  condensation  and  elec¬ 
trophoretic  detection  of  internucleosomal  DNA  frag¬ 
mentation  (Liu  and  Martin  2001).  In  addition,  the 
comet  assay  reveals  the  type  of  DNA  damage  (e.g., 
SSBs,  DSBs,  and  AP  sites),  depending  on  the  condi¬ 
tions.  Another  benefit  of  the  comet  assay  is  that  com¬ 
ets  can  be  classified  into  categories  or  stages  of  DNA 
damage,  by  morphology,  by  measuring  tail  length, 
and  by  digital  image  analysis  of  comets  for  DNA  in¬ 
tensity  and  comet  moment. 

Previous  studies  using  the  comet  assay  have  not 
combined  this  method  with  immunophenotyping  of 
neuronal  populations  with  DNA  damage.  We  antici¬ 
pated  that  some  nuclear  proteins  would  retain  antige¬ 
nicity  in  comet  assay  microgels.  This  suspicion  was 
confirmed.  Motor  neurons  contained  SMN  within  the 
nucleus.  In  cell  cultures  (Liu  and  Dreyfuss  1996)  and 
in  rat  spinal  cord  (Pagliardini  et  al.  2000),  SMN  has 
been  localized  in  nuclear  structures  called  gems  that 
are  associated  with  coiled  bodies.  SMN  functions  in 
the  processing  of  pre-mRNA  (Liu  and  Dreyfuss  1996). 
We  found  a  nuclear  localization  in  rat  motor  neurons 
as  well  and  also  report  the  novel  observation  that,  af¬ 
ter  alkaline  denaturation,  SMN  possesses  an  interest¬ 
ing  fibrous  structure.  We  also  found  that  p53  is  in¬ 
duced  in  motor  neurons  exposed  to  NO  donor  (Figure 
7G)  and  that  some  of  these  cells  are  apoptotic  based 
on  morphology  (Figure  7H)  and  TUNEL  (Figure  9E). 
We  also  found  that  NO  donors  induce  DNA  SSBs  and 
AP  sites  in  motor  neurons  (Figure  6).  Because  DNA 
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SSBs  are  potent  activators  of  p53  (Jayaraman  and 
Prives  1995;  Levine  1997),  early  formation  and  accu¬ 
mulation  of  oxidative  stress-induced  DNA-SSB  in 
adult  motor  neurons  could  be  a  primary  signal  for 
motor  neuron  apoptosis.  However,  cells  expressing 
p53  generally  did  not  display  comets  at  pH  12  (as  did 
cells  expressing  SMN),  although  nuclear  morphology 
indicated  apoptosis  in  many  cells.  It  is  possible  that 
the  DNA  damage  in  these  motor  neurons  advanced 
beyond  SSBs,  suggesting  that  p53  activation  occurs 
later  than  SSBs,  and  therefore  SSB  could  be  an  up¬ 
stream  signaling  mechanism  for  motor  neuron  cell 
death  as  in  non-neuronal  cells. 
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The  mechanisms  for  neurodegeneration  after  hypoxia-ischemia  (HI)  in  newborns  are  not  understood. 
We  tested  the  hypothesis  that  striatal  neuron  death  is  necrosis  and  evolves  with  oxidative  stress  and 
selective  organelle  damage.  Piglets  (~1  week  old)  were  used  in  a  model  of  hypoxia-asphyxia  and 
survived  for  3,  6,  12,  or  24  h.  Neuronal  death  was  progressive  over  3-24  h  recovery,  with  ~80%  of 
putaminal  neurons  dead  at  24  h.  Striatal  DNA  was  digested  randomly  at  6-12  h.  Ultra  structurally,  dying 
neurons  were  necrotic.  Damage  to  the  Golgi  apparatus  and  rough  endoplasmic  reticulum  occurred  at 
3-12  h,  while  most  mitochondria  appeared  intact  until  12  h.  Mitochondria  showed  early  suppression 
of  activity,  then  a  transient  burst  of  activity  at  6  h,  followed  by  mitochondrial  failure  (determined  by 
cytochrome  c  oxidase  assay).  Cytochrome  c  was  depleted  at  6  h  after  HI  and  thereafter.  Damage  to 
lysosomes  occurred  within  3-6  h.  By  3  h  recovery,  glutathione  levels  were  reduced,  and  peroxynitrite- 
mediated  oxidative  damage  to  membrane  proteins,  determined  by  immunoblots  for  nitrotyrosine, 
occurred  at  3-12  h.  The  Golgi  apparatus  and  cytoskeleton  were  early  targets  for  extensive  tyrosine 
nitration.  Striatal  neurons  also  sustained  hydroxyl  radical  damage  to  DNA  and  RNA  within  6  h  after  HI. 
We  conclude  that  early  glutathione  depletion  and  oxidative  stress  between  3  and  6  h  reperfusion 
promote  damage  to  membrane  and  cytoskeletal  proteins,  DNA  and  RNA,  as  well  as  damage  to  most 
organelles,  thereby  causing  neuronal  necrosis  in  the  striatum  of  newborns  after  HI.  c  2000  Academic  Press 
Key  Words:  apoptosis;  cerebral  palsy;  cytochrome  c;  DNA  damage;  mitochondria;  RNA  oxidation 


INTRODUCTION 

Hypoxia-ischemia  (HI)  in  newborns  is  a  major  cause 
of  pediatric  mortality  and  morbidity  and  causes  brain 
damage  resulting  in  life-long  neurobehavioral  handi¬ 
caps.  In  human  newborns  (Volpe,  1995;  Roland  et  al„ 
1998;  Mailer  et  ah,  1998)  and  in  some  pediatric  animal 
models  (Martin  et  al,,  1997a, b),  HI  causes  a  character- 
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istic  encephalopathy,  with  basal  ganglia  and  somato¬ 
sensory  systems  showing  selective  vulnerability. 
However,  the  mechanisms  that  cause  this  brain  dam¬ 
age  in  HI  neonates  remain  unclear.  Glutamate  recep¬ 
tor-mediated  excitotoxic  cell  injury  is  a  possible  mech¬ 
anism  for  this  neuronal  degeneration  following  HI  in 
newborns  (Olney,  1994;  Martin  et  ah,  1998a).  Using  a 
newborn  piglet  model  of  cardiac  arrest  that  causes 
reproducible  damage  to  the  basal  ganglia  (Martin  et 
al.,  1997b,c),  we  found  that  the  protein  levels  of  spe¬ 
cific  subtypes  of  glutamate  transporters  (e.g.,  GLT1 
and  EAAC1)  are  reduced  in  striatum  at  24  h  recovery 
and  thereafter  (Martin  et  al,  1997c)  and  that  functional 
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transport  of  glutamate  is  impaired  in  striatal  synapto- 
somes  by  6-12  h  after  HI  (Natale  et  al,  1999).  The 
concept  that  excitotoxicity  participates  in  the  mecha¬ 
nisms  for  neuronal  degeneration  resulting  from  peri¬ 
natal  HI  is  supported  by  studies  showing  that  the 
NMDA  receptor  antagonist  MK-801  ameliorates  brain 
damage  in  HI  neonatal  rats  (McDonald  et  al,  1987; 
Ford  et  al.,  1989).  However,  neither  MK-801  (LeBlanc  et 
al,  1991)  nor  AMPA  receptor  antagonists  (LeBlanc  et 
al,  1995;  Martin  et  al,  1997a;  Brambrink  et  al,  1999) 
afford  neuroprotection  in  clinically  relevant  models  of 
newborn  HI.  Although  glutamate  receptor  excitotox¬ 
icity  continues  to  be  a  potential  mechanism  for  neu¬ 
rodegeneration  in  the  perinatal  period,  the  precise 
cellular  and  molecular  pathways  for  neuronal  death  in 
vivo  remain  poorly  understood. 

Depending  on  the  type  of  cell  and  on  the  stimulus, 
cells  typically  die  in  either  of  two  ways  generally 
described  as  apoptosis  or  necrosis  (Kerr  et  al,  1972; 
Martin  et  al,  1998a).  These  two  forms  of  cell  death  are 
thought  to  differ  fundamentally  at  structural  and 
mechanistic  levels.  Apoptosis  is  a  structurally  orga¬ 
nized,  programmed  cell  death  that  is  mediated  by 
active,  intrinsic  mechanisms.  In  contrast,  cellular  ne¬ 
crosis  is  though  to  be  structurally  a  more  rapid  and 
random  degeneration  resulting  from  extrinsic  insults 
to  the  cells,  such  as  abrupt  environmental  perturba¬ 
tions  (e.g.,  osmotic,  thermal,  toxic,  or  traumatic)  and 
departures  from  physiological  conditions,  involving 
disruption  of  plasma  membrane  structural  and  func¬ 
tional  integrity,  rapid  influx  of  Na+,  Ca2+,  and  water, 
cell  swelling,  and  subsequent  dissolution  of  the  cell 
(Choi,  1992).  More  recent  experiments  have  revealed 
that  the  death  of  neurons  can  also  be  a  hybrid  of 
apoptosis  and  necrosis  with  overlapping  characteris¬ 
tics  (Portera-Cailliau  et  al,  1997a,b).  Some  studies  have 
suggested  that  neuronal  death  after  HI  in  newborns  is 
apoptosis  (Beilharz  et  al,  1995;  Hill  et  al,  1995;  Cheng 
et  al,  1998).  However,  this  conclusion  is  controversial 
(Martin  et  al,  1998a).  Neurodegeneration  in  the  new¬ 
born  striatum  is  advanced  at  24  h  after  HI  (Martin  et 
al,  1997c).  Therefore,  we  tested  the  hypothesis  that  the 
progression  of  striatal  neuron  death  after  HI  is  rapid 
and  necrotic  structurally,  but  evolves  orderly  with 
successive  subcellular  abnormalities  in  different  or¬ 
ganelles,  similar  to  excitotoxic  neuronal  necrosis  (Por¬ 
tera-Cailliau  et  al,  1997a,b).  Because  reactive  oxygen 
species  (ROS)  are  potent  mediators  of  cell  necrosis 
(McCord,  1985;  Halliwell  and  Gutteridge,  1986),  we 
also  determined  if  striatal  neuron  death  after  HI 
emerges  in  association  with  acute  oxidative  stress  and 


ROS-mediated  damage  to  membrane  proteins  and  nu¬ 
cleic  acids. 


MATERIALS  AND  METHODS 

Piglet  Model  of  HI 

The  animal  protocol  was  approved  by  the  Animal 
Care  arid  Use  Committee  of  the  Johns  Hopkins  Med¬ 
ical  Institutions  and  was  described  previously  (Martin 
et  al,  1997a,b,c;  Brambrink  et  al,  1999).  This  piglet 
model  was  adopted  because  of  its  relevance  to  HI 
encephalopathy  in  human  newborns  and  children 
(Johnston,  1998).  One- week-old  male  or  female  piglets 
(~3  kg)  were  anesthetized  with  intraperitoneal  (ip) 
sodium  pentobarbital  (65  mg/kg),  intubated,  and  ven¬ 
tilated  mechanically.  Using  sterile  surgery,  femoral 
arterial  and  venous  catheters  were  placed  into  the 
thoracic  aorta  and  inferior  vena  cava,  respectively,  and 
were  tunneled  subcutaneously  exiting  the  skin  for 
long-term  access.  Cephalothin  (50  mg/kg)  prophy¬ 
laxis  was  administered  intravenously.  Oxygenation, 
ventilation,  and  acid-balance  were  all  maintained  at 
normal  values.  Rectal  temperature  was  maintained  at 
38.5-39.5°C.  Piglets  received  a  maintenance  infusion 
of  intravenous  lactated  Ringer's  solution  (10  mg/kg/ 
h),  with  additional  analgesia  and  neuromuscular 
blockade  provided  by  bolus  intravenous  fentanyl  (10 
pg/kg)  and  pancuronium  (0.3  mg/kg),  respectively. 
Baseline  arterial  blood  gases,  pH,  hemoglobin,  glu¬ 
cose,  lactate,  pulse  rate,  and  blood  pressure  were  mea¬ 
sured  (Brambrink  et  al,  1999). 

Piglets  were  then  exposed  to  30  min  of  hypoxia 
(Sa02  30%),  followed  by  5  min  of  ventilation  with 
room  air  (Sa02  65%),  and  then  7  min  of  airway  occlu¬ 
sion  (Sa02  5%),  resulting  in  asphyxic  cardiac  arrest 
(Brambrink  et  al,  1999).  Piglets  were  resuscitated  by 
ventilation  with  100%  02,  manual  chest  compressions, 
intravenous  epinephrine  (0.1  mg/kg),  and  intrave¬ 
nous  sodium  bicarbonate  (1  mEq/kg)  until  return  of 
spontaneous  circulation,  usually  within  2-3  min.  De¬ 
fibrillation  (2  joules /kg)  was  performed  for  ventricu¬ 
lar  fibrillation,  with  intravenous  Iidocaine  (1  mg/kg)  if 
multiple  defibrillations  were  required.  Approximately 
90%  of  piglets  were  successfully  resuscitated.  Piglets 
were  allowed  to  awaken  and  were  extubated  when 
able  to  maintain  spontaneous  oxygenation  and  venti¬ 
lation,  usually  within  8  h.  Piglets  drank  formula  milk, 
usually  by  24  h  recovery,  or  were  tube  fed  if  necessary. 
Animals  ( n  =  23)  were  recovered  for  3,  6, 12,  or  24  h 
after  the  return  of  spontaneous  circulation.  Sham  con- 
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trol  animals  (n  =  8)  were  anesthetized  and  subjected 
to  the  surgical  preparation  but  not  the  HI. 

Preparation  of  Brain  Samples 

Piglet  brains  were  harvested  freshly  for  protein  and 
DNA  gel  analyses  and  for  biochemical  assays,  or  were 
perfusion-fixed  for  in  situ  DNA  fragmentation  analy¬ 
sis,  immunocytochemistry,  enzyme  histochemistry, 
and  electron  microscopy.  Animals  for  fresh  brain  tis¬ 
sue  (n  =  3  or  4  per  recovery  time)  were  anesthetized 
deeply  with  sodium  pentobarbital  (65  mg/kg,  ip)  and 
exsanguinated  with  ice-cold  phosphate-buffered  sa¬ 
line  (PBS).  Brains  were  removed  rapidly  and  placed  on 
wet  ice.  The  cerebrum  was  transected  midsagittally, 
and  the  hemispheres  were  subdissected  to  obtain  sam¬ 
ples  from  the  striatum  (including  putamen,  caudate, 
internal  capsule,  nucleus  accumbens).  These  samples 
were  flash-frozen  in  cold  isopentane  and  stored  at 
-70°C  until  used  for  extractions.  From  the  left  hemi¬ 
sphere  of  each  of  these  animals,  a  thin  brain  slab 
containing  the  striatum  was  immersion  fixed  in  5% 
acrolein  and  processed  for  paraffin  histology  for  quan¬ 
tification  of  neuronal  damage  in  hematoxylin  &  eosin 
(H&E)  stained  sections. 

Piglets  for  fixed  brain  tissue  (n  -  2  or  3  per  recovery 
time)  were  anesthetized  deeply  with  sodium  pento¬ 
barbital  (65  mg/kg,  ip)  and  exsanguinated  with  ice- 
cold  PBS,  then  perfused  intraaortically  for  20  min  with 
ice-cold  4%  paraformaldehyde  plus  1%  glutaralde- 
hyde.  Brains  were  removed  and  bisected  midsagit¬ 
tally,  and  each  hemisphere  cut  into  1-cm  slabs.  The  left 
forebrain  was  used  for  paraffin  histology  and  electron 
microscopy  (EM).  The  right  forebrain  was  cryopro- 
tected  in  20%  glycerol-PBS  for  24  h,  frozen,  and  serial 
40-pm  sections  through  striatum  were  cut  on  a  sliding 
microtome.  Sections  were  stored  in  antifreeze  buffer  at 
— 20°C  until  they  were  used  for  DNA  end-labeling, 
immunocytochemistry,  and  enzyme  histochemistry. 

Neuropathology,  TUNEL,  and  Electron 
Microscopy 

For  quantification  of  neuronal  degeneration  after  HI 
in  all  piglets  ( n  =  31),  coronal  samples  of  striatum 
from  the  left  hemisphere  were  paraffin-processed,  and 
sections  (10-/xm- thick)  were  stained  with  H&E  and  the 
terminal  transferase-mediated  biotin-dUTP  nick-end 
labeling  (TUNEL)  method  for  in  situ  detection  of  nu¬ 
clear  DNA  fragmentation  as  described  (Portera-Cail- 
liau  et  al.,  1997a, b;  Martin  et  til,  1997c;  Al-Abdulla  et 
al,  1998).  The  TUNEL  method  was  used  to  identify 


dying  cells  after  HI,  although  this  technique  is  not 
specific  for  apoptosis  (Grasl-Kraupp  et  al,  1995;  Mar¬ 
tin  et  al,  1998a,  2000).  Comparable  levels  of  the  stria¬ 
tum  from  sham  and  HI  piglets  were  used  to  determine 
the  severity  of  striatal  injury  at  3,  6,  12,  and  24  h 
recovery.  In  H&E  sections,  the  density  of  principal 
striatal  neurons  and  the  percentage  of  remaining  neu¬ 
rons  with  ischemic  cytopathology  were  determined 
from  six  nonoverlapping,  random  lOOOx  microscopic 
fields  in  the  putamen.  The  criteria  for  neuronal  injury 
were  cytoplasmic  eosinophilia  and  vacuolation, 
perikaryal  shrinkage,  and  nuclear  pyknosis.  H&E  sec¬ 
tions  were  also  used  for  measurements  of  principal 
striatal  neuron  cell  body  volume  and  nuclear  volume 
using  ocular  filar  micrometry  at  lOOOx.  Neuronal  cell 
body  and  nuclear  volumes  were  calculated  from  V  = 
ir/6(ab2),  where  a  -  diameter  of  the  major  axis  and  b  = 
the  diameter  of  the  minor  axis  (Martin  et  al,  1986).  In 
TUNEL  preparations,  the  density  of  dying  cells  was 
determined  by  parcellating  the  putamen  into  six  divi¬ 
sions  and  counting  the  number  of  TUNEL-positive 
nuclei  in  six  microscopic  fields  at  lOOOx. 

To  determine  whether  the  neuronal  degeneration 
after  HI  has  the  structure  of  apoptosis,  necrosis,  or  a 
hybrid  form  of  death  (Portera-Cailliau  et  al,  1997a,b), 
samples  (3  mm3)  of  putamen  from  control  and  HI 
piglets  (3,  6, 12,  and  24  h)  were  osmicated,  embedded 
in  plastic,  and  evaluated  by  EM.  Ischemic  neurode¬ 
generation  was  evaluated  using  ultrastructural  criteria 
for  cellular  necrosis  and  apoptosis  that  we  have  de¬ 
scribed  previously  using  in  vivo  models  of  neuronal 
degeneration  (Portera-Cailliau  et  al,  1997a,b;  Al-Ab- 
dulla  et  al,  1998;  Martin  et  al,  1998a,  1999,  2000). 

DNA  Isolation  and  Agarose  Gel  Electrophoresis 

Because  the  TUNEL  method  identifies  DNA  frag¬ 
mentation  independent  of  mechanisms  (Grasl-Kraupp 
et  al,  1995;  Portera-Cailliau  et  al,  1997a;  Martin  et  al, 
1998a),  we  evaluated  striatal  neuropathology  based  on 
DNA  fragmentation  patterns  in  agarose  gels.  Genomic 
DNA  was  isolated  from  samples  of  sham  control  pig¬ 
lets  (n  =  2)  and  HI  piglets  at  3, 6, 12,  and  24  h  recovery 
(two  animals/time).  Striatal  samples  were  homoge¬ 
nized  in  DNA  extraction  buffer  containing  10  mM  Tris 
(pH  7.4),  10  mM  NaCl,  25  mM  EDTA,  1%  SDS,  1 
mg/ml  proteinase  K,  and  incubated  in  the  same  buffer 
overnight  at  37°C.  DNA  was  extracted  with  an  equal 
volume  of  salt  saturated-phenol:chloroform:isoamyl 
alcohol  (10:10:1)  and  the  recovered  aqueous  phase  was 
extracted  with  diethyl  ether.  DNA  was  precipitated 
with  ethanol  (2.5  vol).  The  DNA  pellet  was  dissolved 
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in  0.1  X  SSC  and  incubated  (37°C)  with  DNase-free 
RNase  A  (0.1  mg/ml)  for  1  h  and  then  overnight 
(37°C)  with  0.1  mg/ml  proteinase  K.  DNA  was  reex¬ 
tracted,  precipitated,  and  dissolved  in  TE  buffer,  DNA 
samples  were  fractionated  by  agarose  gel  (1.2%)  elec¬ 
trophoresis  and  were  evaluated  by  ethidium  bromide 
staining  and  by  end  labeling.  For  end  labeling,  DNA 
samples  (—1.0  fig)  were  3'-end  labeled  with  digoxige- 
nin-ll-ddUTP  using  terminal  transferase  (Boehringer- 
Mannheim),  precipitated,  resuspended  in  TE  buffer, 
fractionated,  and  transferred  to  nylon  membrane  fol¬ 
lowed  by  UV-crosslinking.  Membranes  were  incu¬ 
bated  in  2%  nucleic  acid  blocking  reagent  (Boehringer- 
Mannheim)  and  then  in  blocking  reagent  containing 
75  mU/ml  antidigoxigenin  Fab  fragments  conjugated 
to  alkaline  phosphatase  (Boehringer-Mannheim).  Af¬ 
ter  washing,  membranes  were  reacted  with  CSPD  de¬ 
tection  reagent  (Boehringer-Mannheim)  and  exposed 
to  Kodak  X-OMAT  film  to  visualize  DNA. 

Immunoblot  Analyses 

Striatal  samples  (0.4 -0.6  g  from  each  piglet)  for 
immunoblot  analysis  were  homogenized  with  a  Brink- 
man  Polytron  in  ice-cold  homogenization  buffer  (20 
mM  Tris-HCl,  pH  7.4,  with  10%  sucrose,  1  mM  EDTA, 
5  mM  EGTA,  20  U/ml  Trayslol,  20  /rg/ml  leupeptin, 
20  /zg/ml  antipain,  20  /eg /ml  pepstatin,  20  /xg/ml 
chymostatin,  0.1  mM  phenylmethylsulfonyl  fluoride, 
and  10  mM  benzamidine).  Crude  homogenates  were 
centrifuged  at  l/000g„v  for  10  min  at  4°C.  The  super¬ 
natant  (SI  fraction)  was  then  centrifuged  at  114,000gav 
for  20  min.  The  resulting  supernatant  (S2  soluble  frac¬ 
tion)  was  collected,  and  the  pellet  (P2  mitochondrial- 
enriched,  membrane  fraction)  was  washed  in  homog¬ 
enization  buffer  (without  sucrose)  three  times  by  re¬ 
suspension,  each  followed  by  centrifugation  at 
114,000gav  for  20  min.  The  washed  membrane  fraction 
was  resuspended  fully  in  this  buffer  supplemented 
with  20%  (wt/vol)  glycerol.  Protein  concentrations  in 
soluble  and  membrane  fractions  were  measured  by  a 
Bio-Rad  protein  assay  with  bovine  serum  albumin  as  a 
standard.  Samples  were  stored  at  -70°C. 

Frozen  striatal  membrane  and  soluble  fractions 
were  thawed  to  4°C,  and  samples  (10  fig  of  total 
protein)  were  fractionated  by  sodium  dodecyl  sulfate- 
polyacrylamide  gel  electrophoresis  (SDS-PAGE).  Pro¬ 
teins  were  transferred  electrophoretically  to  nitrocel¬ 
lulose  filters.  Gels  were  stained  with  Coomassie  blue, 
and  nitrocellulose  membranes  were  briefly  stained 
with  Ponceau  S  to  verify  uniform  protein  transfer. 
Blots  were  washed  with  50  mM  Tris-buffered  saline 


(TBS)  and  subsequently  blocked  in  2.5%  nonfat  milk  in 
50  mM  TBS/ 0.1%  Tween  20.  As  a  marker  for  peroxyni- 
trite-mediated  damage  to  protein  tyrosines  in  mem¬ 
brane  fractions,  nitrotyrosine  modification  of  proteins 
was  detected  with  monoclonal  and  polyclonal  anti-  »» 
bodies  (Upstate  Biotechnology,  Lake  Placid,  NY)  used  ■»  ’ 
at  a  concentration  of  1  fig  IgG/ml.  Peroxynitrite  is  a  , 
potent  and  relatively  long  lived  ROS  formed  by  a  *‘ 
reaction  between  superoxide  and  nitric  oxide  (Beck¬ 
man  et  al,  1992).  Subcellular  fractions  were  also  eval¬ 
uated  with  organelle-specific  antibodies  to  identify 
damage  to  these  intracellular  compartments  over  24  h 
recovery.  Blots  of  membrane  proteins  were  probed 
with  a  monoclonal  antibody  (0.5  fig  IgG/ml)  to  hu¬ 
man  cytochrome  c  oxidase  subunit  I  (Molecular 
Probes,  Eugene,  OR)  or  a  monoclonal  antibody  (3.4  fig 
IgG/ml)  to  rat  Golgi  58K  protein  (Sigma,  St.  Louis, 
MO)  as  markers  for  mitochondria  and  the  Golgi  ap¬ 
paratus,  respectively.  Golgi  58K  protein  is  a  peripheral 
Golgi  membrane  protein  that  functions  in  microtubule 
binding  (Bloom  and  Brashear,  1989).  Blots  of  cytosolic 
proteins  were  probed  with  monoclonal  antibody  (100 
ng  IgG/ml)  to  pigeon  cytochrome  c  (PharMingen,  San 
Diego,  CA)  or  with  polyclonal  antibodies  (1  fig  IgG/ 
ml)  to  KDEL  proteins  (Affinity  BioReagents,  Golden, 
CO),  as  markers  for  mitochondrial  membrane  damage 
and  degradation  of  cytochrome  c  and  for  endoplasmic 
reticulum  (ER)  membrane  damage  and  release  of  ER 
lumenal  proteins,  respectively.  The  KDEL  sequence  at 
protein  C-termini  is  an  ER  retention  signal  (Munro 
and  Pelham,  1987).  Primary  antibodies  to  these  pro¬ 
teins  in  soluble  fractions  were  diluted  in  2.5%  nonfat 
milk  or  normal  goat  serum  (NGS)  prepared  with  50 
mM  TBS/0.1%  Tween  20.  Blots  were  incubated  with 
antibody  overnight  at  4°C.  After  the  primary  antibody 
incubation,  the  blots  were  washed  and  incubated  (0.2 
fig/ ml)  with  goat  anti-rabbit  or  goat  anti-mouse  IgG 
conjugated  to  horseradish  peroxidase  (Bio-Rad).  Blots 
were  again  washed,  and  immunoreactive  proteins 
were  visualized  within  the  linear  range  with  an  en¬ 
hance  chemiluminescence  detection  system  (Amer- 
sham  or  Pierce)  and  exposed  to  radiographic  film. 

To  identify  proteins  that  are  possible  targets  of  ni¬ 
trotyrosine  modification,  we  used  immunoprecipita- 
tion.  Subcellular  fractions  (50  fig  protein)  were  reacted 
overnight  with  monoclonal  antibody  to  tubulin  (Am-  ’ 
ersham).  Immunocomplexes  were  captured  with  pro- 
tein  A-agarose  bead  slurry,  washed,  and  subjected  to 
SDS-PAGE  for  subsequent  analysis  by  western  blot¬ 
ting  with  polyclonal  antibodies  to  nitrotyrosine.  For 
negative  control  experiments,  nitrotyrosine  antibodies 
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were  neutralized  with  nitrotyrosine-molecular  weight 
standards  (Upstate). 

Protein  levels  were  quantified  densitometrically  us¬ 
ing  a  Macintosh  Adobe  Photoshop  program,  and  an¬ 
alyzed  using  Signal  Analytics  IP  Lab  Gel  software. 
Protein  levels  were  expressed  as  percentage  of  control 
by  comparing  density  of  the  protein  band  scanned  to 
density  of  the  same  band  in  the  control  lane  of  the 
same  blot.  For  a  quantitative  control  for  equal  protein 
loading  in  each  lane,  blots  of  membrane  proteins  were 
reprobed  (0.06  /xg/  ml)  with  a  mouse  monoclonal  an¬ 
tibody  to  synaptophysin  (Boehringer  Mannheim),  a 
membrane  protein  involved  in  synaptic  vesicle  fusion. 
The  levels  of  synaptophysin  (p38)  in  HI  piglet  stria¬ 
tum  are  not  changed  before  24  h  recovery  (Martin  et 
al,  1997b).  The  levels  of  nitrotyrosine-modified  pro¬ 
teins,  cytochrome  c  oxidase  subunit  I,  and  Golgi  58K 
protein  were  corrected  for  relative  synaptophysin  im- 
munodensity.  For  a  quantitative  control  for  equal  pro¬ 
tein  loading  in  each  lane  in  blots  of  striatal  soluble 
proteins,  blots  were  reprobed  (40-80  ng  IgG/ml)  with 
a  mouse  monoclonal  antibody  to  tyrosine  hydroxylase 
(Boehringer-Mannheim),  the  enzyme  involved  in  do¬ 
pamine  synthesis  in  nigrostriatal  terminals,  or  a 
mouse  monoclonal  antibody  (1:2000)  to  synapse-asso¬ 
ciated  protein-25  (SNAP-25,  Stemberger  Mono- 
clonals).  Nerve  terminal  degeneration  in  HI  piglet  stri¬ 
atum  does  not  occur  until  after  24  h  recovery  (Martin 
et  al.,  1997b,c).  Thus,  cytochrome  c  and  KDEL  protein 
levels  in  the  cytosolic  compartment  were  corrected  for 
relative  tyrosine  hydroxylase  or  SNAP-25  immuno- 
density. 

Cytochrome  c  Oxidase  Assay 

A  colorimteric  assay  (Wharton  and  Tzagoloff,  1967) 
was  used  for  biochemical  measurements  of  cyto¬ 
chrome  c  oxidase  (COX)  activity  in  homogenates  of 
control  striatum  (n  =  3)  and  HI  piglet  (n  =  2  or  3/ time 
point)  striatum  at  3,  6, 12,  and  24  h  after  reprefusion. 
Reduced  cytochrome  c  (ferrocytochrome  c)  was  pre¬ 
pared  freshly  for  each  experiment  by  mixing  1%  cyto¬ 
chrome  c  (Sigma)  with  sodium  hydrosulfite  in  potas¬ 
sium  phosphate  buffer.  Samples  (20  /xg  protein)  of 
mitochondrial-enriched  membrane  fractions  were  re¬ 
acted  with  ferrocytochrome  c  in  potassium  phosphate 
buffer  (10  mM,  pH  7.0)  at  room  temperature.  The 
decrease  in  absorbance  was  measured  spectrophoto- 
metrically  at  550  run  every  15  s.  The  activity  of  COX 
was  defined  in  terms  of  the  first-order  velocity  con¬ 
stant. 


Acid  Phosphatase  Assay 

HI  and  reperfusion  are  known  to  effect  the  stability 
and  permeability  of  lysosomes  (Frederiks  and  Marx, 
1989).  As  an  index  of  lysosomal  membrane  damage 
and  destabilization  of  lysosomes  (Frederiks  and  Marx, 
1989;  van  Noorden,  1991),  acid  phosphatase  activity 
was  measured  in  cytosolic  protein  fractions  of  control 
striatum  (n  =  3)  and  HI  piglet  (n  =  2  or  3/time  point) 
striatum  at  3, 6, 12,  and  24  h  recovery.  In  2.5-ml  plastic 
cuvettes,  samples  of  soluble  protein  fractions  (500  or 
1000  /xg  total  protein)  were  mixed  at  room  tempera¬ 
ture  with  15  mM  o-carboxyphenyl-phosphate  in  150 
mM  sodium  acetate  buffer  (pH  5.0)  in  a  final  reaction 
volume  of  1.5  or  2.0  ml.  The  was  measured  with 
a  spectrophotometer  (Pharmacia)  over  2  min  at  300 
nm.  Purified  potato  acid  phosphatase  (Boehringer- 
Mannheim)  was  used  as  a  positive  control  (0.6-6 
U/ml).  Reactions  were  run  in  the  absence  or  presence 
of  the  acid  phosphate  inhibitor  sodium  fluoride 
(Sigma).  Acid  phosphatase  activity,  based  on  results  of 
triplicate  experiments,  was  expressed  as  percentage  of 
control. 

Glutathione  Assay 

The  levels  of  glutathione  (GSH  and  GSSG)  in  solu¬ 
ble  protein  fractions  of  control  piglet  striatum  (n  =  3) 
and  HI  piglet  striatum  at  3,  6, 12,  and  24  h  reperfusion 
(n  =  2  or  3/ time  point)  were  measured  using  a  mod¬ 
ification  of  the  method  of  Tietze  (Tietze,  1969).  Dispos¬ 
able  cuvettes  were  loaded  with  650  /x 1  of  100  mM 
potassium  phosphate  buffer  (pH  7.5)  containing  5  mM 
EGTA,  100  /xg/ml  5,5'-dithiobis(2-nitrobenzoic  acid), 
and  320  /xg/ml  NADPH.  To  this  reaction  mixture,  2 
U/ml  of  GSH  reductase  and  striatal  soluble  protein 
(500  /xg)  were  added  (with  a  final  reaction  volume  of 
1  ml),  and  the  was  measured  immediately  with  a 
spectrophotometer  (Pharmacia)  over  4  min  at  412  nm. 
GSH  levels,  based  on  results  of  duplicate  experiments, 
were  expressed  as  percentage  of  control. 

Immunocytochemical  Analyses  of  Organelles  and 
Oxidative  Damage 

Brain  sections  from  perfusion-fixed  control  piglets 
(n  -  3)  and  HI  piglets  at  3, 6, 12,  and  24  h  reperfusion 
(n  =  2  or  3/time  point)  were  removed  from  antifreeze 
buffer  and  washed  in  TBS.  Free-floating  sections  were 
pretreated  with  H202/methanol  (to  eliminate  endog¬ 
enous  peroxidase  activity),  rinsed,  and  then  with  so¬ 
dium  borohydride  (for  antigen  retrieval),  and  blocked 
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in  NGS.  Sections  were  incubated  for  48  h  at  4°C  with 
primary  antibodies  (see  below).  After  primary  anti¬ 
body  incubation,  sections  were  incubated  sequentially 
with  affinity-purified  F(ab)2  fragments  of  goat  anti¬ 
rabbit  or  anti-mouse  IgG  (Cappel)  and  then  affinity- 
purified  monoclonal  goat  anti-rabbit  or  goat  anti¬ 
mouse  antibody  conjugated  to  horseradish  peroxidase 
(Stemberger  Monoclonals).  Sites  of  antibody  binding 
were  visualized  with  H202  and  diaminobenzidene  as 
a  chromogen. 

Several  different  antibodies  were  used  as  immuno- 
cytochemical  probes  to  identify  the  progression  of 
subcellular  abnormalities  in  striatal  neurons  after  HI. 
As  organelle  probes,  we  used  monoclonal  antibody  to 
Golgi  58K  protein  (15  fig  IgG /ml)  for  the  Golgi  appa¬ 
ratus,  monoclonal  antibody  (1  fig  IgG /ml)  to  COX 
subunit  I  for  mitochondria,  polyclonal  rabbit  antibody 
(200  ng  IgG/ml,  Santa  Cruz)  to  Rab5A  for  early  endo- 
somes  (Simons  and  Zerial,  1993),  and  polyclonal  rabbit 
antibody  (10  fig  IgG/ml,  Affinity  BioReagents)  to 
KDEL  sequence-containing  proteins  for  the  ER.  To 
determine  if  striatal  neurons  undergo  oxidative  stress, 
peroxynitrite-mediated  damage  to  proteins  was  iden¬ 
tified  using  antibodies  to  nitrotyrosine  (3  fig  IgG/ml), 
and  hydroxyl  radical  damage  to  DNA  and  RNA  was 
detected  with  monoclonal  antibody  (30  fig  IgG/ml)  to 
8-hydroxy-2'-deoxyguanosine  (QED  Bioscience,  Inc 
and  PharMingen,  San  Diego,  CA).  These  antibodies 
react  with  hydroxyl  radical  modified  DNA  and  RNA 
(Al-Abdulla  and  Martin,  1998;  Martin  et  ah,  1999).  For 
competition  controls,  sections  were  reacted  with  anti¬ 
body  to  8-hydroxy-2'-deoxyguanosine  (OHdG)  that 
was  incubated  at  4°C  for  24  h  with  1000-fold  concen¬ 
trations  of  OHdG,  8-hydroxyguanosine  (OHG)  or 
guanosine  (Cayman  Chemical,  Arm  Arbor,  MI).  As 
additional  controls,  sections  were  digested  with 
DNase  (5-10  mg/ml)  or  RNase  (11-50  mg/ml)  prior  to 
incubation  with  OHdG  antibody. 

Cytochrome  c  Oxidase  Enzyme  Histochemistry 

To  assay  for  mitochondrial  function  with  spatial 
resolution,  the  COX  histochemical  method  of  Wong- 
Riley  (1979)  was  used  as  described  previously  (Martin 
et  a.1, 1997a,b).  Forebrain  sections  from  control  piglets 
(«  =  3)  and  HI  piglets  (n  =  2  or  3 /time  point)  were 
incubated  concomitantly  with  freshly  prepared  enzy¬ 
matic  reaction  medium  consisting  of  100  mM  phos¬ 
phate  buffer  (pH  7.4),  0.1%  horse  heart  cytochrome  c, 
117  mM  sucrose,  and  1.4  mM  diaminobenzidine  tetra- 
hydrochloride  (Wong-Riley,  1979).  The  enzymatic 
specificity  of  this  reaction  in  piglet  brain  has  been 


TABLE  1 

Progression  of  Neuronal  Degeneration  in  the  Striatum  after  HI* 


Group 

Percentage 
neuronal  damage 

Neuronal  density 
(cells /mm2) 

Control 

0.4  ±  0.4 

572.9  ±  22.3 

3-h 

15.7  ±  33tx 

515.5  ±  14.0 

6-h 

30.9  ±  4.7bx 

550.0  ±  14.1 

12-h 

47.2  ±  7.6bx 

535.0  ±  23.4 

24-h 

78.8  ±  3.9^ 

395.2  +  19.8k 

*  Percentage  of  principal  neurons  with  damage  and  neuronal 
density  in  the  putamen  of  control  and  ischemic  piglets  at  3,  6,  12, 
and  24  h  after  HI.  Measurements  were  made  in  H&E-stained  sec¬ 
tions.  Percentage  neuronal  damage  was  estimated  by  identifying  the 
fraction  of  neurons  with  ischemic  cytopathology  relative  to  the  total 
number  of  neurons  in  microscopic  fields  of  the  striatum.  All  values 
are  mean  ±  SEM. 

*  Significantly  different  (P  <  0.05)  from  control. 

c  Significantly  different  (P  <  0.05)  from  preceding  recovery  time. 


shown  (Martin  et  al,  1997b).  After  the  reaction,  sec¬ 
tions  were  rinsed  in  phosphate  buffer,  mounted  on 
glass  slides,  and  coverslipped.  Histochemical  COX  en¬ 
zyme  activity  was  quantified  densitometrically  using 
an  image-processing  system  as  described  (Martin  et 
al,  1997a,b). 

Statistical  Analysis  of  Data 

All  histological  and  biochemical  measurements 
were  made  in  duplicate  or  triplicate.  Statistical  analy¬ 
sis  of  measurements  for  percentage  neuronal  damage 
and  neuronal  and  TUNEL-positive  cell  densities  were 
performed  using  one-way  analysis  of  variance.  If  there 
were  significant  differences  among  the  group  means 
as  indicated  by  the  F  test,  group  means  were  further 
analyzed  using  Newman-Keuls  test.  Protein  levels  de¬ 
termined  by  immunoblotting  were  expressed  as  per¬ 
centage  of  sham-control  piglets.  Mean  percentages 
were  compared  among  3,  6,  12,  and  24  h  recovery 
groups  by  a  Wilcoxon  signed  rank  test.  The  level  of 
significance  was  P  <  0.05  in  all  tests. 

RESULTS 

Striatal  Neuron  Death  after  HI  in  Newborns  Is 
Rapid  and  Progressive  over  24  h 

Prominent  neuronal  degeneration  in  the  striatum  of 
HI  piglets  occurred  during  3  to  24  h  recovery  (Table  1; 
Fig.  1).  Neurons  were  distinguished  from  glial  and 
inflammatory  cells  by  strict  perikaryal  and  nuclear 
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FIG.  1.  DNA  fragmentation  begins  by  3  h  after  HI  and  is  progressive 
and  consistent  with  cellular  necrosis.  (A)  Striatal  neuron  death  (in 
putamen)  in  control  piglets  (Q  and  piglets  at  3, 6, 12,  and  24  h  after  HI. 
TTJNEL-positive  cell  densities  (cells/mm2)  are  mean  +  SEM.  Asterisk 
indicates  significant  difference  (P  <  0.05)  from  control.  Double  asterisk 
indicates  significant  difference  (P  <  0.05)  from  control,  3  h  and  6  h  after 
HI.  (B)  Agarose  gel  fractionation  of  DNA  isolated  from  the  striatum  of 
sham  control  piglets  (S)  and  piglets  at  3,  6,  12,  and  24  h  after  HI. 
Maximal,  random  digestion  of  DNA  occurs  between  3  and  12  h  recov¬ 
ery.  At  24  h,  most  of  the  DNA  digestion  has  advanced  to  small 
fragments  that  are  not  retained  in  agarose  gels,  but  these  DNA  frag¬ 
ments  are  detectable  by  TUNEL  in  individual  cells  in  striatal  sections. 


morphological  criteria  in  H&E-stained  sections  (Mar¬ 
tin  et  al,  1997b,c).  Neuronal  injury  was  progressive, 
with  percentage  neuronal  damage  correlating  signifi¬ 
cantly  with  time  after  HI  (Table  1).  In  contrast,  during 
early  recovery,  astroglia  may  be  uninjured  (Martin  et 


al.,  1997c;  Natale  et  at,  1999).  At  24  h  after  HI,  neuronal 
density  was  reduced  significantly,  and  —79%  of  re¬ 
maining  principal  neurons  within  the  putamen  were 
degenerating  (Table  1),  consistent  with  our  previous 
findings  at  24  h  after  HI  (Martin  el  al,  1997c). 

The  progression  of  striatal  neuron  injury  revealed 
by  H&E  staining  was  paralleled  by  the  occurrence  of 
DNA  fragmentation  (Fig.  1).  In  TUNEL  preparations 
counterstained  with  cresyl  violet,  nuclear  DNA  frag¬ 
mentation  in  striatal  neurons  was  progressive  over 
3-24  h  after  HI  (Fig.  1A).  During  this  time  course,  the 
majority  of  TUNEL-positivity  was  associated  with 
neurons,  because  most  glial  cell  death  in  striatum 
occurs  after  24  h  in  this  model,  and  the  DNA  conden¬ 
sation  patterns  in  neurons  and  glia  are  distinct  mor¬ 
phologically  (Martin  et  al,  1997c).  By  gel  electrophore¬ 
sis,  the  pattern  of  fragmentation  in  genomic  DNA 
extracts  of  the  striatum  of  HI  piglets  was  consistent 
with  cellular  necrosis,  with  prominent  random  diges¬ 
tion  of  DNA  occurring  at  6  and  12  h  after  HI  (Fig.  IB). 

The  Ultrastructure  of  Striatal  Neuron  Death  after 
HI  Is  Necrosis 

The  structural  progression  of  principal  striatal  neu¬ 
ron  death  in  1-week-old  HI  piglets  was  determined  by 
EM  (Figs.  2  and  3).  The  degeneration  of  these  neurons 
was  not  apoptosis  or  a  hybrid  form  of  apoptosis  and 
necrosis,  based  on  previously  established  criteria  for 
neuronal  death  (Portera-Cailliau  et  al,  1997a,b;  Al- 
Abdulla  et  al,  1998;  Al-Abdulla  and  Martin,  1998; 
Martin  et  al,  1998a,  1999, 2000).  Striatal  neuron  degen¬ 
eration  in  newborn  piglet  brain  during  the  first  24  h 
after  HI  is  necrosis  (Figs.  2  and  3).  Both  the  cytoplasm 
and  the  nucleus  undergo  ultrastructural  changes  typ¬ 
ical  of  cellular  necrosis,  with  the  main  features  being 
swelling  of  the  cell  body,  swelling  and  degeneration  of 
organelles,  extensive  cytoplasmic  vacuolation,  irregu¬ 
lar  clumping  of  chromatin  and  nuclear  membrane  dis¬ 
integration,  destruction  of  plasma  membrane  integ¬ 
rity,  and  eventual  dissolution  of  the  cell  (Fig.  2).  By  3  h 
reperfusion,  the  cell  body  of  striatal  neurons  swells 
and  many  vacuoles  are  formed  in  the  cytoplasm  (Fig. 
2B).  Morphometric  analysis  showed  that  the  volume 
of  striatal  neuron  cell  bodies  (cytoplasm  and  nucleus) 
was  1265.7  ±  98.9  n m3  (mean  ±  SEM)  in  control 
piglets,  while,  at  3  h  after  HI,  striatal  neuron  cell  body 
volume  was  1716.4  ±  129.9  jim3  (corresponding  to  a 
significant  36%  increase  in  cell  body  volume).  In  con¬ 
trast,  the  volume  of  striatal  neuron  nuclei  was  527.6  ± 
37.6  ixm3  (mean  ±  SEM)  in  control  piglets,  and,  at  3  h 
after  HI,  striatal  neuron  nuclear  volume  was  388.2  ± 
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52.8  jam3  (corresponding  to  a  significant  26%  decrease 
in  nuclear  volume).  These  measurements  demonstrate 
that  the  cell  body  swelling  is  due  the  cytoplasmic 
swelling.  Shrinkage  of  the  nucleus  coincides  with  in¬ 
cipient  condensation  of  the  nuclear  matrix  at  3  h  after 
HI  (Fig.  2B).  The  condensation  of  the  nuclear  matrix 
progresses  during  6-12  h  (Fig.  2),  consistent  with  the 
progression  and  pattern  of  DNA  fragmentation  (Fig. 
1).  By  6  h,  the  rough  ER  dilates  severely  (Fig.  2C). 
Progressive  cellular  condensation  commences  by  12  h 
(Figs.  2D-2F).  Between  6  and  12  h,  the  neurons  become 
dark  (osmophilic)  and  assume  an  angular  shape,  and 
the  nucleus  becomes  pyknotic  and  forms  irregularly 
shaped  clumps  of  chromatin  that  are  distributed 
throughout  the  nucleus  with  a  darkened  matrix.  While 
nuclear  pyknosis  and  chromatin  condensation  into  ir¬ 
regular  clumps  is  observed  in  these  dying  neurons, 
this  pattern  was  very  dissimilar  to  that  found  in  neu¬ 
ronal  apoptosis  (Portera-Cailliau  et  al.,  1997a, b;  Al- 
Abdulla  et  al,  1998;  Martin  et  al,  1998a,  1999,  2000). 
During  this  process,  the  nucleolus  remains  obvious 
(Fig.  2,  asterisks),  this  feature  is  distinct  from  the  early 
disassembly  of  the  nucleolus  in  apoptosis  (Martin  et 
al,  1998a).  Subsequently,  the  condensed  cell  body  and 
nucleus  disintegrate  between  12  and  24  h,  as  cellular 
debris  is  dispersed  into  the  extracellular  compartment 
(Figs.  2F  and  2G),  consistent  with  the  loss  of  neuronal 
density  observed  at  24  h  (Table  1)  and  severe  tissue 
inflammation  thereafter  (Martin  et  al,  1997c). 

Striatal  neuron  necrosis  after  HI  evolves  as  a  se¬ 
quence  of  organelle  abnormalities  (Fig.  3),  similar  to 
the  sequence  found  with  NMDA  receptor-mediated 
exdtotoxic  neuronal  necrosis  (Portera-Cailliau  et  al., 
1997a).  By  3  h  and  progressing  through  12  h  after  HI, 
neurons  accumulate  many,  clear,  round,  membrane- 
bound  vacuoles  (Figs.  3B-3E)  that  may  be  derived 


from  vesiculation  of  the  Golgi  apparatus  (Donaldson 
et  al,  1990;  Pavelka  and  Eilinger,  1993)  or  from  in¬ 
creased  formation  of  plasma  membrane-derived  endo- 
somes  (Simons  and  Zerial,  1993).  By  6  h,  the  ER  dilates 
severely,  resulting  in  the  formation  of  large  cisterns, 
and  the  potential  space  between  the  apposing  mem¬ 
branes  of  the  nuclear  envelope  also  dilates  due  to  its 
continuity  with  the  ER  (Fig.  3C).  ER  swelling  is  asso¬ 
ciated  with  release  of  ER-bound  ribosomes,  and  dis¬ 
aggregation  of  cytoplasmic  polyribosomes  to  form 
monosomes.  Between  6  and  12  h  after  HI,  the  ER 
collapses  and  becomes  fragmented,  and  the  nuclear 
membrane  becomes  discontinuous  (Figs.  3C  and  3D). 
ER  collapse  and  fragmentation,  ribosome  release,  and 
polysomal  disaggregation  coincide  with  the  homoge¬ 
nization  and  darkening  of  the  cytoplasmic  matrix. 
During  the  first  12  h  after  HI,  mitochondria  appear  to 
acculumate  within  the  cell  bodies  of  striatal  neurons, 
and  most  mitochondria  remain  intact  until  about  6-12 
h  (Figs.  3B-3D),  and  then  they  swell  and  vacuolate  and 
undergo  cristaeolysis.  At  the  time  when  most  mito¬ 
chondria  show  ultrastructural  damage  (i.e.,  at  12-24  h 
after  HI),  the  plasma  membrane  ruptures  and  the  con¬ 
densed  cytoplasm  and  fragmented  nucleus  are  dis¬ 
persed  into  the  neuropil  (Figs.  3F-3I). 

Damage  to  the  Golgi  Apparatus  and  ER  Occur 
Early  after  HI 

We  performed  immunoblot  and  immunocytochem- 
ical  experiments  with  specific  organelle  protein  anti¬ 
bodies  to  identify  the  subcellular  origin  of  the  numer¬ 
ous  vacuoles  that  accumulate  in  striatal  neurons  after 
HI  and  to  identify  possible  molecular  correlates  of  the 
structural  abnormalities  in  organelles  found  by  EM. 
To  determine  whether  the  Golgi  apparatus  or  plasma 


FIG.  2.  EM  analysis  of  striatal  neuron  degeneration  in  HI  piglets.  A  normal  principal  striatal  neuron  from  control  piglet  (A)  is  shown  for 
comparison  with  neurons  from  piglets  at  3,  6,  12,  and  24  h  after  HI  (B-I)  arranged  in  a  temporal  sequence  to  show  the  predominant 
ultrastructural  evolution  of  ischemic  neuron  necrosis.  This  neuronal  death  is  not  completely  synchronized,  because  dying  neurons  can  be  found 
at  different  stages  of  degeneration  at  most  times  after  HI;  however,  the  neuronal  profiles  shown  for  each  time  represent  the  predominant  stage 
of  degeneration.  Asterisks  identify  the  nucleolus  (when  present  in  the  plane  of  section).  By  3  h  after  HI  (B),  the  neuronal  cell  body  swells  (see 
text  for  measurements)  and  numerous,  clear  vacuoles  are  formed  within  the  cytoplasm,  increasing  progressively  over  9-12  h  (C-E).  At  6  h  after 
HI  (C),  the  arrays  of  rough  ER  are  severely  dilated  (D,  E)  and  then  become  fragmented,  and  the  mitochondria  become  dark  and  condensed, 
as  the  cytoplasmic  matrix  becomes  progressively  dark  and  homogeneously  granular.  The  overall  contour  of  the  cell  changes  from  a  round 
shape  (A-C)  to  a  fusiform  or  angular  shape  (D,  E),  as  the  neurons  become  shrunken  6-12  h  after  HI  (F).  Concurrently,  during  the  first  12  h 
after  HI,  the  nucleus  shrinks  (see  text  for  measurements  at  3  h)  and  the  nuclear  matrix  progressively  becomes  uniformly  dark  (C-E)  as 
numerous  small,  irregular  clumps  of  chromatin  are  formed  throughout  the  condensing  nucleus  (F).  The  nucleolus  (asterisks)  still  remains 
prominent  throughout  this  process  (B-D),  even  until  ultimate  neuronal  disintegration  (G-I).  Between  12  and  24  h,  injured  cells  disintegrate  as 
the  dark,  severely  vacuolated  cytoplasm,  containing  few  discernible  but  very  swollen  mitochondria,  undergoes  dissolution,  while  the  nucleus 
progressively  forms  more  chromatin  clumps  and  undergoes  karyolysis  (G-I).  The  cytoplasmic  and  nuclear  debris  is  liberated  into  the 
surrounding  neuropil  (I).  This  neurodegeneration  is  structurally  necrotic.  Scale  bar  (A),  1.3  jam  (same  for  B-I). 
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FIG.  3.  Death  of  striatal  neurons  after  HI  progresses  as  a  sequence  of  organelle  abnormalities.  (A)  In  control  piglet,  normal,  principal,  striatal 
neurons  have  abundant  polyribosomes  distributed  throughout  the  cytoplasmic  matrix,  intact  arrays  of  rough  ER  (rer)  and  Golgi  stacks  (g)  and 
uniformly  shaped  mitochondria  (m)  with  intact  cristae.  The  nucleus  (Nu)  has  a  predominantly  pale  matrix  and  is  surrounded  by  a  continuous, 
bilaminar  nuclear  membrane  (arrow).  (B)  By  3  h  after  HI,  many  clear  vacuoles  (asterisks)  appear  to  be  derived  from  swelling  and  vesiculation 
of  the  Golgi  apparatus.  The  rough  ER  appears  relatively  normal,  and  the  mitochondria  are  intact  structurally  but  appear  condensed.  (C-E)  By 
6  h  after  HI,  numerous  vacuoles  accumulate  (asterisks)  as  the  surrounding  cytoplasmic  matrix  becomes  progressively  granular  and  dark.  The 
rough  ER  becomes  severely  dilated,  and  ribosomes  become  unbound  from  the  rough  ER  membrane.  Polyribosomes  disaggregate  into 
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FIG.  4.  The  Golgi  apparatus  fragments  early  after  HI.  (A)  Immu- 
noblot  analysis  of  the  Golgi  membrane  protein  (58K  P)  in  subcellu- 
lar  membrane  fractions  of  striatum  from  control  (c)  and  HI  piglets  at 
3, 6, 12,  and  24  h  postinsult.  The  levels  of  58K  protein  are  maintained 
until  24  h  after  HI.  (B)  Immunolocalization  of  Golgi  58K  protein 
(black  immunoperoxidase  staining)  shows  the  normal  perinuclear 
location  of  the  Golgi  apparatus  in  control  striatal  neurons  (1,  ar¬ 
rows)  and  the  prominent  fragmentation  of  the  Golgi  apparatus  and 
formation  of  vesicles  in  striatal  neurons  by  6  h  after  HI  (2,  arrows). 
Scale  bar  (Bl,  same  for  2),  10  (xm. 


membrane  endosomes  are  sources  of  the  cytoplasmic 
vacuoles,  antibodies  to  Golgi  58K  protein  and  Rab5A 
were  used.  Golgi  58K  protein  levels  in  striatum  re¬ 
mained  unchanged  (P  <  0.05)  until  24  h  after  HI  (Fig. 
4A),  at  which  time  levels  were  reduced  significantly 
(P<0  .05)  to  --50%  of  control,  consistent  with  loss  of 
striatal  neurons  (Table  1).  However,  despite  main¬ 
tained  levels  of  protein  at  8-12  h  after  HI,  immunolo¬ 
calization  of  Golgi  58K  protein  revealed  that  the  Golgi 
apparatus  in  striatal  neurons  is  dispersed  and  frag¬ 
mented  early  after  HI  (Fig.  4B).  In  contrast,  intracellu¬ 
lar  Rab5A  immunoreactivity  was  lost  in  striatal  neu¬ 
rons  early  after  HI,  while  Rab5A  immunoreactivity 
increased  markedly  in  nonneuronal  cells  that  ap¬ 


peared  to  be  microglia  (Fig.  5).  Therefore,  the  numer¬ 
ous  vacuoles  that  accumulate  within  striatal  neurons 
early  after  HI  are  likely  to  be  derived  from  the  Golgi 
apparatus  rather  than  from  the  plasma  membrane. 

EM  revealed  that  the  ER  undergoes  massive  swell¬ 
ing  prior  to  its  fragmentation  (Figs.  2  and  3).  We  used 
antibodies  to  ER  resident,  KDEL  sequence-containing 
proteins  to  track  the  progression  of  damage  to  the  ER. 
In  soluble  protein  fractions  of  control  piglet  striatum, 
protein  disulfide  isomerase  (PDI),  a  lumenal  ER-resi- 
dent  —57  kDa  protein  (Munro  and  Pelham,  1987;  Jiang 
et  al.r  1999),  is  undetectable  or  at  very  low  levels  (Fig. 
6A).  In  contrast,  as  early  as  3  h  after  HI,  PDI  levels  in 
soluble  protein  fractions  are  detected  at  high  levels 
compared  to  control  piglet  striatum  (Fig.  6A).  PDI 
levels  remain  high  through  12  h  after  HI  and  then 
levels  begin  to  dissipate  by  24  h,  consistent  with  the 
conclusion  that  active  neuronal  necro.sis  has  tapered- 
off  by  24  h.  Immunolocalization  of  KDEL-proteins 
showed  faint  cytoplasmic  labeling  of  striatal  neurons 
in  controls  (Fig.  6B,  1);  in  contrast,  the  cytoplasm  of 
striatal  neurons  was  intensely  immunoreactive  at  6 
and  12  h  after  HI  (Fig.  6B,  2,  3).  These  results  are 
consistent  with  the  EM  observations  of  ER  dilatation 
and  fragmentation  at  6-12  h  after  HI,  and  they  suggest 
that  these  structural  changes  are  associated  with  ER 
membrane  damage  and  release  of  ER  resident  proteins 
into  the  cytosol  or  increased  accessibility  of  antibodies 
to  KDEL  proteins  within  ER  fragments. 

Striatal  Mitochondria  after  HI  Show  Early 
Functional  Suppression  Followed  by  Transient 
Activation  and  Then  Failure 

EM  showed  that  at  3  h  after  HI  most  mitochondria 
appear  structurally  intact,  but  at  6  h  a  subset  of  mito¬ 
chondria  swells  and  lyses  while  others  appear  to  re¬ 
main  intact,  and  at  12  h  most  mitochondria  are  swol¬ 
len  and  lytic  (Figs.  2  and  3).  Biochemical  assay  of  COX 
in  mitochondrial-enriched  organelle  fractions  of  piglet 


monosomes,  and  these  free  ribosomes  are  dispersed  in  the  cytoplasm  causing  the  matrix  to  become  granular.  Most  mitochondria  appear 
condensed  but  a  subset  is  very  swollen  and  exhibits  cristaeolysis.  The  nucleoplasmic  matrix  progressively  becomes  darker  and  the  chromatin 
undergoes  condensation  into  small  clumps  of  various  sizes  (asterisks,  D,  E),  while  the  nuclear  membrane  (solid  black  arrow)  becomes  less 
discernible  and  is  breached  in  some  locations  (C  and  D,  open  arrows).  (F)  At  12  h  after  HI,  the  cytoplasmic  matrix  is  homogeneously  dark  and 
most  organelles  are  no  longer  discernible,  except  for  swollen  and  degenerating  mitochondria.  Numerous  vacuoles  containing  membranous 
debris  are  formed  in  the  cytoplasm  as  more  mitochondria  degenerate  and  undergo  cristaeolysis.  The  nuclear  chromatin  becomes  prominently 
aggregated  into  clumps  of  various  shapes  and  sizes,  as  the  surrounding  nucleoplasmic  matrix  becomes  uniformly  dark  and  the  nuclear 
envelope  looses  integrity.  (G,  H)  At  12-24  h  after  HI,  the  dark  and  condensed  cytoplasm,  containing  degenerated  mitochondria,  undergoes 
fragmentation  as  the  plasma  membrane  ruptures.  The  nucleus,  containing  chromatin  clumps  (asterisk),  is  no  longer  surrounded  by  an  intact 
nuclear  membrane  and  undergoes  karyolysis.  (I)  At  end-stage  degeneration,  cytoplasmic  debris  and  nuclear  debris  with  chromatin  clumps 
(asterisk)  are  dispersed  into  the  surrounding  neuropil.  Scale  bar  (A),  0.5  fim  (same  for  B-I). 
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FIG.  5.  Cell  type-dependent  changes  in  the  endosomal  compart¬ 
ment  occur  after  HI  as  demonstrated  by  the  immunolocalization  of 
the  plasma  membrane  early-endosome  protein  Rab5A.  (A)  In  con¬ 
trol  striatal  neurons  (arrowheads),  Rab5A-labeled  endosomes  fill 
the  cytoplasm,  and  in  some  neurons  (upper  left  arrowhead)  Rab5A 
immunoreactivity  is  present  as  discrete  particles  on  or  near  the  cell 
surface.  Nonneuronal  cells  and  their  processes  in  control  striatum 
axe  only  faintly  immunoreactive  for  RabSA.  Scale  bar,  8  jam  (same 
for  B).  (B)  At  6  h  after  HI,  endosomal  labeling  of  striatal  neurons  is 
markedly  deficient  (arrowhead),  and  cells  that  appear  to  be  micro¬ 
glia  are  intensely  immunoreactive  for  Rab5A  (open  arrows). 


striatum  revealed  time-dependent  functional  changes. 
Activity  was  37, 163,  72,  and  81%  of  control  at  3, 6, 12, 
and  24  h,  respectively  (Fig.  7A).  COX  subunit  I  levels 
were  measured  by  immunoblotting  in  these  same  sub- 
cellular  fractions.  Piglet  COX  subunit  I  was  detected 
as  two  major  bands,  corresponding  to  an  —40  kDa 
monomer  and  a  multimeric  high  molecular  mass  ag- 
gregrate,  consistent  with  the  migration  pattern  of  pu¬ 
rified  bovine  COX  (Fig.  7B).  These  forms  of  COX 
change  differentially  after  HI.  At  3  h,  COX  subunit  I 
immunoreactivity  (both  monomeric  and  aggregated 
forms)  was  reduced  markedly  (Fig.  7B).  The  levels  of 
the  COX  subunit  I  monomer  returned  to  control 


amounts  at  6  h  and  then  were  decreased  at  12  and  24  h 
(Fig.  7B).  In  contrast,  levels  of  the  aggregated  form  of 
COX  subunit  I  were  increased  at  6-24  h  after  HI 
compared  to  control  (Fig.  7B).  To  visualize  mitochon¬ 
dria  in  piglet  brain  sections,  COX  subunit  I  antibodies 
were  used  for  immunocytochemistry.  Immunolocal¬ 
ization  of  COX  subunit  I  in  control  striatum  showed  a 
finely  particulate  distribution  within  the  neuropil  (Fig. 
7C,  1),  consistent  with  a  mitochondrial  localization  in 
cellular  processes.  After  HI,  the  finely  particulate  COX 
subunit  I  immunoreactivity  dissipated  in  the  neuropil 
and  many  larger,  swollen  particles  were  formed  (Fig. 
7C,  2, 3).  In  addition,  COX  subunit  I  immunoreactivity 


FIG.  6.  The  ER  is  damaged  early  after  HI.  (A)  Immunoblot  anal¬ 
ysis  of  the  KDEL  sequence-containing  ER  lumenal  protein,  protein 
disulfide  isomerase  (PDI),  in  nondetergent  solubilized  cytosolic 
fractions  of  striatum  from  control  (c)  and  HI  piglets  at  3,  6, 12,  and 
24  h  postinsult.  In  control  striatum,  PDI  levels  are  undetectable 
because  it  is  retained  with  the  lumenal  compartment  of  the  ER.  At 
3,  6,  and  12  h  after  HI,  PDI  levels  are  markedly  elevated  in  the 
soluble  compartment  compared  to  control,  but  by  24  h  PDI  levels 
are  dissipating.  Blots  were  reprobed  with  antibody  to  tyrosine  hy¬ 
droxylase  (TH)  as  a  protein  loading  control.  (B)  In  control  striatal 
neurons,  immunolocalization  of  KDEL  proteins  (gray  immunoper- 
oxidase  staining)  shows  diffuse  cytoplasmic  labeling  consistent  with 
specific  ER  localization  (1,  arrows).  Scale  bar  (Bl,  same  for  2  and  3), 
10  fim.  At  3  h  after  HI,  the  cytoplasmic  immunoreactivity  (black 
immunoperoxidase  labeling)  for  KDEL  proteins  is  increased  in  stri¬ 
atal  neurons  (2,  arrows)  with  the  most  intense  staining  occurring 
peripherally  in  the  cell  body,  consistent  with  the  ER  redistribution 
seen  by  EM  (compare  with  Fig.  2B).  At  12  h  after  HI,  immunoreac¬ 
tivity  for  KDEL  proteins  is  enriched  highly  in  striatal  neurons  with 
shrunken  and  angular  morphologies  (arrows)  at  a  time  when  the  ER 
undergoes  fragmentation  as  shown  by  EM  (compare  with  Figs.  2 
and  3). 
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accumulated  transiently  (notably  at  6  h)  in  neuronal 
cell  bodies,  with  some  of  this  immunoreactivity  ap¬ 
pearing  to  delineate  swollen  mitochondria  (Fig.  7C,  2, 
3),  consistent  with  the  EM  findings  (compare  Figs.  3D 
and  3E  with  Fig.  7C,  2,  3).  To  examine  COX  activity 
with  greater  spatial  resolution  in  piglet  brain  sections, 
COX  activity  was  assayed  with  a  histochemical 
method,  and  reaction  product  was  quantified  by  den¬ 
sitometry.  These  results  generally  paralleled  the  data 
obtained  by  biochemical  assay  and  were  most  notable 
because  histochemical  activity  for  COX  in  putamen 
was  increased  at  6  h  (Fig.  7D),  consistent  with  the 
biochemical  assay  for  COX  (Fig.  7 A). 


Cytochrome  c  Is  Depleted  in  Striatum  after  HI 

The  EM  showed  progressive  structural  damage  to 
mitochondria,  and  the  COX  assays  showed  a  tem¬ 
poral  profile  of  mitochondrial  suppression  (at  3  h), 
activation  (at  6  h),  and  then  suppression  (after  6  h) 
during  striatal  neuron  necrosis.  Therefore,  we  mea¬ 
sured  cytochrome  c  levels  in  piglet  striatum  as  an¬ 
other  marker  for  mitochondrial  damage  and  meta¬ 
bolic  impairment.  Scant  information  is  known  about 
cytochrome  c  in  pig  brain.  Under  our  assay  condi¬ 
tions,  we  could  detect  amounts  of  cytochrome  c  as 
low  as  500  pg  (Fig.  8A).  Procine  brain  cytochrome  c 
migrated  as  a  monomer  of  —12  kDa  and  as  dimers 
and  multimers,  similar  to  purified  horse  heart  cyto¬ 
chrome  c  (Fig.  8A).  Piglet  brain  cytochrome  c  was 
measured  in  the  range  of  5  ng,  corresponding  to 
—0.05%  of  total  soluble  protein  (Fig.  8A).  Cyto¬ 
chrome  c  levels  were  normal  at  3  h  after  HI,  but  by 
6  h  after  HI  and  thereafter,  cytochrome  c  was  re¬ 
duced  to  —55%  of  control  (Fig.  8B). 


Lysosomal  Membrane  Integrity  in  Striatum  Is 
Compromised  by  6  h  after  HI 

To  understand  some  of  the  possible  mechanisms  for 
striatal  neuron  necrosis  after  HI,  acid  phosphatase 
activity  was  measured  in  soluble  protein  fractions  (un¬ 
exposed  to  detergent  solubilization)  of  control  and  HI 
piglets  (Table  2).  This  biochemical  assay  serves  as  an 
index  of  lysosomal  membrane  damage  and  destabili¬ 
zation  and  release  of  hydrolytic  enzymes  into  the  cy¬ 
tosol  (Frederiks  and  Marx,  1989;  van  Noorden,  1991). 
In  the  presence  of  sodium  fluoride  (10  mM),  acid 
phosphatase  activity  was  inhibited  —95%  (data  not 
shown).  Acid  phosphatase  activity  was  increased  sig¬ 
nificantly  above  control  levels  at  6, 12,  and  24  h  after 


HI  (Table  2),  demonstrating  that  damage  to  lysosomal 
membranes  in  striatum  occurs  between  3  and  6  h  after 
HI. 


Glutathione  Levels  in  Striatum  Are  Depleted  by 
3  h  after  HI 

A  potent  stimulus  for  cellular  necrosis  is  oxidative 
stress  (McCord,  1985).  GSH  functions  in  antioxidant 
mechanisms  as  a  free  radical  scavenger,  and  the 
levels  of  GSH  are  often  used  as  an  index  of  oxygen 
radical  production  (Mizui  et  al.,  1992).  Therefore,  we 
measured  GSH  levels  in  piglet  striatum  after  HI 
(Table  3).  GSH  in  soluble  protein  fractions  was  sig¬ 
nificantly  reduced  to  —80%  of  control  at  3  and  6  h 
after  HI  but  returned  to  control  levels  by  12  h  after 
HI  (Table  3),  demonstrating  that  oxidative  stress 
■occurs  early  (by  3  h)  after  HI  newborn  in  piglets,  but 
that  this  stress  in  the  form  of  glutathione  depletion 
is  transient. 

Peroxynitrite  Damage  to  Striatal  Membrane 
Proteins  Occurs  after  HI 

To  determine  if  HI  produces  oxidative  damage,  stri¬ 
atal  membrane  fractions  were  immunoblotted  for  ni- 
trotyrosine-modified  proteins  as  a  marker  for  per- 
oxynitrite-mediated  oxidative  damage  (Fig.  9A).  An 
intensely  reacting  band  of  proteins  at  —50  kDa 
showed  nitration  in  control  striatum.  The  nitroty- 
rosine-modification  of  this  — 50-kDa  protein  was  in¬ 
creased  at  6  h  after  HI.  Immimoprecipitation  experi¬ 
ments  demonstrated  that  this  nitrotyrosine-modified, 
—50-kDa  protein  is  tubulin  and  that  tubulin  nitration 
is  markedly  increased  by  6  h  after  HI  (Fig.  9B)  Another 
prominent  band  of  nitrotyrosine  immunoreactivity 
was  detected  at  —68-70  kDa  (Fig.  9A),  probably  cor¬ 
responding  to  nitration  of  the  low  molecular  weight 
neurofilament  (Strong  et  al.,  1998).  This  —68-  to  70-kDa 
protein  band  showed  nitrotyrosine  modification 
above  control  at  3, 6, 12,  and  24  after  HI,  with  maximal 
nitration  occurring  at  6  h  (Fig.  9A).  To  identify  directly 
that  neurons  in  the  striatum  sustain  peroxynitrite- 
mediated  oxidative  damage  after  HI,  brain  sections 
from  perfusion-fixed  piglets  were  reacted  with  nitro¬ 
tyrosine  antibodies.  In  control  piglet  striatum,  nitroty¬ 
rosine  immunoreactivity  was  not  detectable  by  immu- 
nocytochemistry  (Fig.  9C,  1).  Early  after  HI,  striatal 
neurons  showed  intense  nitrotyrosine  immunoreactiv¬ 
ity  (Fig.  9C,  2, 3).  In  many  putaminal  neurons  at  3  and 
6  h  after  HI,  nitrotyrosine  immunoreactivity  was  lo- 
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FIG.  7.  Mitochondria  undergo  functional,  molecular,  and  structural  abnormalities  in  HI  piglet  striatum.  (A)  In  mitochondrial-enriched 
subcellular  fractions  of  control  and  HI  piglet  striatum  («  =  2-3  per  group),  biochemical  assay  for  COX  activity  shows  a  transient  suppression 
of  mitochondrial  function  at  3  h  after  HI,  followed  by  a  large  burst  of  activity  at  6  h  recovery,  and  then  reduced  mitochondrial  function 
thereafter.  Asterisk  indicates  significant  difference  (P  <  0.05)  from  control.  (B)  Immunoblot  analysis  of  COX  subunit  I  in  mitochondrial- 
enriched  fractions  of  striatum  from  control  (c)  and  HI  piglets  at  3,  6, 12,  and  24  h  postinsult  (n  -  2-3  per  group).  Purified  bovine  COX  (right 
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calized  at  a  perinuclear  location  (Fig.  9C,  2),  and  at 
12  h  after  HI  this  immunoreactivity  was  dispersed 
throughout  the  cytoplasm  as  small  packets  in  subsets 
of  neurons  (Fig.  9C,  3).  This  localization  of  nitroty- 
rosine  immunoreactivity  was  very  reminiscent  of  the 
vesiculation  and  fragmentation  of  the  Golgi  apparatus 
observed  by  EM  (Figs.  2  and  3)  and  light  microscopy 
(Fig.  4B).  To  identify  if  Golgi  apparatus-associated 
proteins  are  damaged  by  peroxynitrite  radicals,  we 
examined  the  possible  colocalization  of  Golgi  58K  pro¬ 
tein  and  nitrotyrosine  immunoreactivities  by  immu¬ 
nofluorescence.  Striatal  neurons  in  HI  piglets  showed 
precise  colocalization  of  nitrotyrosine  and  Golgi  58K 
protein  immunoreactivities  (Fig.  10).  These  results 
demonstrate  that  peroxynitrite-mediated  oxidative 
damage  to  membrane  proteins  occurs  in  the  piglet 
striatum  early  after  HI  and  that  proteins  associated 
with  the  Golgi  apparatus  are  targets  of  peroxynitrite 
radicals. 

Hydroxyl  Radical  Damage  to  DNA  and  RNA 
Occurs  In  Striatal  Neurons  after  HI 

To  identify  other  possible  forms  of  oxidative  stress 
and  other  macromolecular  targets  of  oxidative  stress 
during  the  progression  of  neuronal  necrosis  after  HI, 
we  determined  if  nucleic  acids  are  damaged  by  hy¬ 
droxyl  radicals  using  monoclonal  antibodies  that  react 
with  hydroxydeoxyguanosine  (OHdG)  and  hydrox- 
yguanosine  (OHG)  (Fig.  11).  The  characterization  of 
these  antibodies  has  been  shown  previously  (Al-Ab- 
dulla  and  Martin,  1998;  Martin  et  al.r  1999).  These 
antibodies  also  weakly  react  with  normal  guanosine 
(Martin  et  al.,  1999),  consistent  with  the  faint  cytoplas¬ 
mic  labeling  suggestive  of  an  RNA  pattern  in  striatal 
neurons  of  control  piglets  (Fig.  11A).  However,  the 
pattern  and  intensity  of  immunoreactivity  for  OHG 
and  OHdG  was  very  different  in  piglet  striatum  after 
HI  (Figs.  11B-11E).  The  intensity  of  immunoreactivity 


in  the  cytoplasm  of  neurons  and  in  the  neuropil  was 
much  greater  in  striatum  at  3  and  6  h  after  HI  com¬ 
pared  to  controls.  In  addition,  intense  nuclear  labeling 
occurred  only  in  striatal  neurons  in  HI  piglets  (Figs. 
11C  and  11D).  Nonneuronal  cells  such  as  vascular 
endothelial  cells  also  exhibited  oxidative  damage  to 
DNA  after  HI  (Fig.  11D).  Digestion  of  RNA  in  brain 
sections  with  DNase-free  RNase  eliminated  the  cyto¬ 
plasmic  labeling  of  neurons  and  the  neuropil  labeling 
in  HI  piglet  striatum,  revealing  the  prominent  nuclear 
immunoreactivity  (Fig.  11D).  Digestion  of  DNA  with 
DNase  diminished  the  nuclear  labeling  of  striatal  neu¬ 
rons  in  HI  piglets  (Fig.  11E).  Preadsorption  of  OHdG 
antibodies  with  OHdG  or  OHG  prior  to  the  immuno- 
cytochemistry  selectively  competed  the  labeling  in  the 
different  cellular  compartments  (data  not  shown), 
similar  to  experiments  shown  previously  (Al-Abdulla 
and  Martin,  1998;  Martin  et  al,  1999).  These  results 
demonstrate  that  both  RNA  and  DNA  undergo  prom¬ 
inent  hydroxyl  radical  damage  early  after  HI. 

DISCUSSION 

We  studied  striatal  neurodegeneration  in  a  newborn 
animal  model  of  HI  that  causes  brain  damage  very 
similar  to  the  pattern  of  injury  found  in  human  new¬ 
borns  that  have  experienced  HI  (Martin  et  al., 
1997a,b,c;  Johnston,  1998).  The  clinical  and  neuro- 
pathological  features  of  our  piglet  model  are  very 
different  from  those  of  the  more  commonly  used  new¬ 
born  rat  models  (Martin  et  al,  1997a;  Brambrink  et  al, 
1999).  Using  this  model,  we  tested  the  hypothesis  that 
striatal  neuron  death  is  necrosis  and  evolves  with 
oxidative  stress  and  selective  damage  to  organelles. 
The  early  neurodegeneration  in  newborn  piglet  stria¬ 
tum  after  HI  is  cellular  necrosis  and  evolves  rapidly 
through  mechanisms  associated  with  oxidative  stress. 
A  major  strength  of  this  study  is  that  it  consolidates  in 


lane)  was  used  as  a  positive  control.  Molecular  mass  standards  (in  kDa)  are  indicated  at  right.  Arrow  identifies  high  molecular  mass  (>  200 
kDa)  multimeric  complexes  containing  COX  subunit  I.  Blots  were  reprobed  with  antibody  to  synaptophysin  (p38)  as  a  protein  loading  control. 
(C)  Immunolocalization  of  mitochondria  using  antibody  to  COX  subunit  I.  In  control  putamen  (Cl),  mitochondria  (grey  immunoperoxidase 
staining)  are  localized  as  fine  particles  distributed  diffusely  throughout  the  neuropil  without  intense  cytoplasmic  labeling  of  striatal  neuron  cell 
bodies.  Scale  bar  (Cl,  same  for  2  and  3),  8  /im.  At  6  h  after  HI,  mitochondria  accumulate  within  the  cell  bodies  of  striatal  neurons  (2,  broad 
black  arrowheads),  as  demonstrated  by  the  cytoplasmic  immunoreactivity  (black  immunoperoxidase  labeling)  for  COX  subunit  I,  while  the 
neuropil  immunoreactivity  dissipates.  Subsets  of  mitochondria  within  cellular  processes  in  the  neuropil  (2,  open  arrows)  and  in  neuronal  cell 
bodies  (2,  broad  black  arrowheads)  are  dilated,  consistent  with  the  mitochondrial  swelling  seen  by  EM  (compare  with  Fig.  3).  At  12  h  after  HI, 
immunoreactivity  for  COX  subunit  I  is  reduced  throughout  the  neuropil  of  putamen  and  many  of  the  remaining  mitochondria  are  swollen  (3, 
open  arrows),  consistent  with  the  disintegration  of  mitochondria  found  by  EM.  (D)  Densitometric  histochemical  assay  for  COX  enzyme  activity 
in  control  and  HI  piglet  putamen  also  revealed  a  transient  elevation  in  mitochondrial  function  at  6  h  recovery.  Asterisks  indicate  significant 
difference  ( P  <  0.05)  from  control  followed  by  a  loss  of  function  at  24  h. 
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FIG.  8.  Characterization  of  cytochrome  c  in  pig  brain  and  changes 
after  HI:  cytochrome  c  is  depleted  during  striatal  neuron  necrosis.  (A) 
Cytochrome  c  in  piglet  brain  extracts  was  evaluated  by  immunoblot- 
ting  and  was  compared  to  purified  horse  heart  cytochrome  c  as  a 
standard.  Lanes  were  loaded  with  varying  amounts  of  purified  cyto¬ 
chrome  c  (0.5, 1, 5, 10,  or  20  ng)  or  with  10  pg  total  soluble  protein  from 
striatal  extracts  of  control  (C)  and  HI  (3,  6,  or  12  h  recovery)  piglets. 
Molecular  weight  standards  (in  kDa)  are  shown  at  left.  Purified  cyto¬ 
chrome  c  monomer  is  detected  at  a  molecular  mass  of  ~12  kDa.  The 
upper  bands  in  the  cytochrome  c  lanes  are  due  to  dimers  or  midtimers 
of  cytochrome  c.  Immunoreactive  bands  with  similar  mobilities  are 
detected  in  piglet  brain  extracts.  Blots  were  reprobed  with  synapse- 
assodated  protein-25  (SNAP-25)  as  a  loading  control  for  piglet  extracts. 
(B)  Densitometric  analysis  of  cytochrome  c  protein  levels  in  soluble 
fractions  of  striatum  from  piglets  recovered  for  3, 6, 12,  or  24  h  after  HI. 
Cytochrome  c  immunodensity  (2-3  piglets  per  group)  was  corrected 
for  nerve  terminal  marker  immunodensity  in  the  same  sample,  then 
expressed  as  percentage  control.  Values  are  mean  ±  SEM.  Asterisk 
indicates  significant  difference  ( P  <  0.05)  from  control  and  3  h  after  HI. 


one  set  of  experiments  several  observations  previously 
reported  as  isolated  fragments  in  less  comprehensive 
papers.  Furthermore,  this  study  clarifies  the  contro¬ 
versial  contributions  of  neuronal  necrosis  versus  apo¬ 
ptosis  to  striatal  degeneration  after  HI  in  newborns. 
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TABLE  2 

Lysosomal  Destabilization  in  Striatum  after  HI 


Time  after  HI 

Acid  phosphatase 
activity  (Percentage  of 
control)' 

3  h 

119.7  ±  20.5 

6  h 

143.7  ±  16.1* 

12  h 

149.7  ±  15.9* 

24  h 

181.0+  5.2* 

'  See  methods  for  assay.  All  values  are  mean  ±  SEM. 
*  Significantly  different  (P  <  0.05)  from  control. 


notably  by  demonstrating  in  piglets  that  neuronal 
apoptosis  does  not  have  a  major  contribution  to  this 
degeneration  during  the  first  24  h  after  the  hypoxic- 
asphyxic  cardiac  arrest.  Apoptosis  of  neurons  and 
neuroglia  may,  however,  have  a  more  prominent  con¬ 
tribution  to  the  neuropathology  after  HI  in  newborns 
as  a  form  of  delayed  or  secondary  cell  death  that  is 
related  to  target  deprivation  of  interconnected  brain 
regions  (Martin  et  al.,  1997b,  1998a). 

Neuronal  Death  in  Striatum  Begins  Rapidly  after 
HI  and  Is  Necrosis 

Striatal  neuron  degeneration  begins  before  3  h  after 
HI  and  is  progressive  during  the  first  24  h  after  the 
insult.  This  degeneration  is  necrosis.  Specific  or¬ 
ganelles  are  not  targeted  selectively.  The  nucleus, 
Golgi  apparatus,  ER,  lysosomes,  mitochondria,  and 
cytoskeleton  are  all  damaged.  Proteins  and  nucleic 
acids  (both  RNA  and  DNA)  are  damaged  by  ROS. 
Protein  constituents  of  the  Golgi  apparatus  and/or 
Golgi  complex-associated  proteins  (e.g.,  cytoskeletal 
proteins)  are  direct  targets  of  peroxynitrite  radicals. 
Thus,  the  damage  is  indiscriminate  at  the  subcellular 
level  and  is  consistent  with  acute  oxidative  stress.  This 


TABLE  3 

Glutathione  Levels  in  Striatum  after  HI 


Glutathione  level 

Time  after  HI 

(percentage  of  control)' 

3  h 

81.3  ±  1.7* 

6  h 

80.7  ±  0.6* 

12  h 

91.0  ±  3.7 

24  h 

95.0  ±  2.5 

*  See  methods  for  assay.  All  values  are  mean  ±  SEM. 

*  Significantly  different  (P  <  0.05)  from  control. 
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FIG.  9.  Peroxynitrite-mediated  oxidative  damage  to  proteins 
occurs  early  after  HI.  (A)  Immunoblot  of  nitrotyrosine-modified 
membrane  proteins  in  striatum  from  control  (c)  and  ischemic 
piglets  at  3,  6, 12,  and  24  h  after  HI.  Molecular  mass  markers  (in 
kDa)  are  indicated  at  right.  Prominent  increases  in  nitration  after 
HI  occur  in  proteins  at  ~50  and  ~68  kDa.  Blots  were  reprobed 
with  antibody  to  synaptophysin  (p38)  as  a  protein  loading  con¬ 
trol.  (B)  Immunoprecipitation  demonstrated  that  tubulin  (with  a 
molecular  mass  of  ~50  kDa)  is  a  nitrated  protein  in  control 
striatum  (c).  After  HI,  nitrotyrosine  modification  of  tubulin  is 
increased  in  striatum  at  6  h  (HI).  Nitrotyrosine  modification  of  a 
low  molecular  mass  fragment  of  tubulin  or  a  protein  that  inter¬ 
acts  with  tubulin  (lower  panels)  is  unchanged  after  HI.  (C)  Im- 
munolocalization  of  nitrated  proteins  in  striatal  neurons  after  HI. 
In  control  striatum  (Cl),  nitrotyrosine  immunoreactivity  is  not 
detectable,  but,  at  6  (2)  and  12  h  (3)  after  HI,  striatal  neurons 
(open  arrows)  are  intensely  immunoreactive  for  nitrotyrosine.  At 
6  h  after  HI  many  neurons  have  a  perinuclear  localization  of 
f  nitrotyrosine  immunoreactivity,  while  at  12  h  after  HI,  nitroty¬ 
rosine  immunoreactivity  is  dispersed  throughout  the  cytoplasm 
of  striatal  neurons.  This  pattern  is  reminiscent  of  the  structural 
changes  in  the  Golgi  apparatus  (see  Figs.  2-4).  Scale  bar  (Cl, 
same  for  2  and  3),  8  jxm. 
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FIG.  10.  Double-label  immunofluorescence  for  nitrotyrosine  (A, 
green  FITC  labeling)  and  Golgi  58K  protein  (B,  red  Texas  red 
labeling)  demonstrates  that  nitrotyrosine  immunoreactivity  (A,  ar¬ 
rowhead)  occurs  at  fragments  of  the  Golgi  apparatus  (B,  arrowhead) 
in  striatal  neurons  at  6  h  after  HI.  Scale  bar  in  A,  4  run. 


conclusion  is  further  substantiated  by  the  depletion  of 
GSH  by  3  h.  This  degeneration  of  striatal  neurons  after 
HI  is  very  distinct  structurally  and  biochemically  from 
neuronal  apoptosis  (Martin  et  al,  1998a).  It  is  also 
distinct  from  non-NMDA  glutamate  receptor-medi¬ 
ated  excitotoxic  neuronal  apoptosis,  but  it  is  very  sim¬ 
ilar  to  NMDA  receptor-mediated  excitotoxic  neuronal 
necrosis  (Portera-Cailliau  et  al,  1997a).  Based  on  the 
onset  of  neuronal  damage,  the  rate  of  progression  of 
neuronal  death,  and  on  the  widespread  subcellular 
damage,  we  conclude  that  early  neurodegeneration  in 
striatum  after  HI  in  newborns  is  oxidative  stress-in¬ 
duced  cellular  necrosis. 

Our  results  demonstrating  that  neuronal  death  in 
the  striatum  of  HI  newborn  piglets  is  necrosis  differs 
from  recent  conclusions  made  by  other  groups  using 
neonatal  rats  (Hill  et  al,  1995;  Beilharz  et  al,  1995; 
Cheng  et  al.,  1998).  This  discrepancy  regarding  the 
occurrence  of  neuronal  apoptosis  after  HI  is  partly  due 
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to  differences  in  the  criteria  for  apoptosis,  differenes  in 
the  comprehensiveness  of  the  EM  analysis,  and  to 
differences  in  the  animal  species  used  for  the  experi¬ 
mental  injury.  It  was  reported  that  the  ultrastructure 
of  neuronal  degeneration  was  apoptosis  after  HI  in  r , 
1-week-old  rat  (Cheng  et  al.,  1998).  However,  this  ul¬ 
trastructure  would  be  interpreted  as  necrosis  by  us 
and  others  (present  study  and  Martin  et  al,  1998a,  > , 

2000;  Ishimaru  et  al.,  1999).  The  nuclear  pyknosis  with 
condensation  of  chromatin  into  many  small,  irregu¬ 
larly  shaped  clumps  in  ischemic  neurons  contrasts 
with  the  formation  of  few,  uniformly  dense  and  reg¬ 
ularly  shaped  chromatin  aggregates  which  occurs  in 
neuronal  apoptosis  (Portera-Cailliau  et  al.,  1997a;  Al- 
Abdulla  et  al.,  1998;  Martin  et  al,  1998a,  1999,  2000; 
Ishimara  et  al,  1999).  Alternatively,  the  data  from  neo¬ 
natal  rats  may  support  our  concept  of  the  apoptosis- 
necrosis  continuum  for  neuronal  death  (Portera-Cail¬ 
liau  et  al,  1997a,b;  Martin  et  al,  1998a)  in  that  this 
neuronal  degeneration  may  be  a  hybrid  of  necrosis 
and  apoptosis.  DNA  fragmentation  analyses  (Hill  et 
al,  1995;  Beilharz  et  al,  1995;  Cheng  et  al,  1998)  would 
support  this  interpretation,  in  view  of  a  structure  in¬ 
dicative  of  necrosis  in  the  presence  of  intemucleoso- 
mal  laddering.  Intemucleosomal  fragmentation  of 
DNA  was  not  found  in  HI  piglets.  Digestion  of  DNA 
in  an  intemucleosomal  pattern  may  not  be  specific  for 
apoptosis,  because  it  occurs  in  NMDA  receptor-medi¬ 
ated  excitotoxic  neuronal  necrosis  in  adult  brain  (Por¬ 
tera-Cailliau  et  al.,  1997a)  and  in  neuronal  culture 
(Gwag  et  al,  1997),  and  in  cells  undergoing  necrosis 
induced  by  calcium  ionophores  and  heat  shock  (Col¬ 
lins  et  al,  1992).  Moreover,  in  situ  end-labeling  meth¬ 
ods  for  DNA  fail  to  discriminate  among  apoptotic  and 


FIG.  11.  Prominent  hydroxyl  radical  damage  to  RNA  rind  DNA 
occurs  in  striatal  neurons  after  HI.  (A)  In  control  striatal  neurons 
(open  arrows)  faint  labeling  of  the  cytoplasm  is  detected  with 
OHdG/OHG  antibodies,  corresponding  to  RNA  labeling,  while  the 
nucleus  (asterisks)  and  the  neuropil  is  free  of  immunoreactivity. 
Scale  bar,  25  pun  (same  for  B-E).  (B)  By  6  h  after  HI,  the  cell  bodies 
and  processes  of  striatal  neurons  (open  arrows)  have  intense  cyto¬ 
plasmic  QHdG/OHG  immunoreactivity.  (C)  By  12  h  after  HI,  stri¬ 
atal  neurons  (open  arrows)  display  intense  OHdG/OHG  immuno¬ 
reactivity  within  the  cytoplasm  and  the  nucleus.  (D)  RNase  diges¬ 
tion  abolished  the  prominent  cytoplasmic  and  neuropil  labeling  for 
OHG  in  striatal  neurons  after  HI,  revealing  the  intense  nuclear 
labeling  for  OHdG  (open  arrows).  Hydroxyl  radical  damage  to 
DNA  also  occurs  in  vascular  endothelial  cells  at  6  h  after  HI  (solid 
black  arrow).  (E)  In  striatal  neurons  (open  arrows)  at  12  h  after  HI, 
DNase  treatment  diminished  the  labeling  for  OHdG  within  the 
nucleus  (asterisk). 
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necrotic  cell  deaths  (Grasl-Kraupp  et  al,  1995;  Portera- 
Cailliau  et  al.,  1997a;  Martin  et  ah,  1998a)  and  can  also 
detect  DNA  fragments  during  DNA  synthesis  (Lock- 
shin  and  Zakeri,  1994).  Additional  observations  dem¬ 
onstrating  that  a  pan-caspase  inhibitor  is  neuroprotec- 
tive  in  neonatal  rats  after  HI  suggests  a  possible  con¬ 
tribution  of  neuronal  apoptosis  (Cheng  et  al,  1998)  to 
this  neuropathology;  however,  many  caspase  family 
members  function  in  the  proteolytic  processing  of 
proinflammatory  cytokines,  thus  neuroprotecdve  ef¬ 
fects  of  pharmacological  inhibition  of  all  caspases  may 
be  mediated  by  mechanisms  other  than  blocking 
apoptosis  (e.g.,  anti-inflammation). 

Furthermore,  the  rat  pup  model  of  neonatal  HI  and 
our  newborn  piglet  model  of  HI  are  different  from 
physiological,  clinical,  and  neuropathological  stand¬ 
points  and  are  likely  to  exhibit  different  responses  to 
injury.  Rat  pups  and  piglets  (and  other  artiodactylous 
ungulates)  near  the  day  of  birth  are  at  very  different 
stages  of  maturation  with  respect  to  glutamate  recep¬ 
tors  and  glutamate  transporters  (Martin  et  al.,  1997c; 
Furuta  et  al,  1997;  Martin  et  al.,  1998b;  Furuta  and 
Martin,  1999;  Northington  et  al,  1998).  In  both  pig  and 
human,  the  peak  of  the  brain  growth  spurt  occurs  near 
term,  whereas  that  of  rat  occurs  at  about  7  days  post- 
natally  (Dobbing  and  Sands,  1979).  Moreover,  in  pig, 
the  percentage  of  adult  brain  weight  at  birth  is  much 
closer  to  human  compared  to  that  of  rat  (Dobbing  and 
Sands,  1979).  These  fundamental  neurobiological  is¬ 
sues  are  very  important  when  considering  the  rele¬ 
vance  of  experimental  animals  as  models  for  brain 
injury  in  human  newborns. 

Striatal  Neurons  Undergo  Widespread  Organelle 
Damage  after  HI 

Most  organelles  in  vulnerable  neurons  are  damaged 
after  ischemia.  Organelles  that  function  in  protein  syn¬ 
thesis  and  posttranslational  modification  (i.e.,  the  ER, 
polysomes,  and  Golgi  apparatus)  become  structurally 
abnormal  early  after  ischemia  and  are  persistently  ab¬ 
normal  during  the  process  of  neurodegeneration  (Kirino 
et  al,  1984;  Petito  and  Pulsinelli,  1984;  Rafols  et  al,  1995). 
Perturbations  in  the  ER,  ribosomes,  and  Golgi  apparatus 
are  consistent  with  the  finding  that  total  protein  synthe¬ 
sis  is  severely  reduced  by  6  h  after  transient  global  fore¬ 
brain  ischemia  and  is  reduced  persistently  in  selectively 
vulnerable  neurons  (Thilmann  et  al,  1986;  Araki  et  al, 
1990).  The  ER  damage  and  release  of  lumenal  chaperone 
proteins  found  in  HI  piglets  suggests  that  appropriate 
protein  folding  is  also  likely  to  be  compromised.  Our 
findings  that  the  Golgi  apparatus  is  structurally  abnor¬ 


mal  and  its  protein  constituents  are  possible  targets  of 
peroxynitrite  radicals  are  consistent  with  other  observa¬ 
tions.  Golgi  membranes  in  neurons  undergo  lipid  per¬ 
oxidation  after  global  ischemia  (Rafols  et  al,  1995).  Fur¬ 
thermore,  the  finding  that  lysosomal  membranes  be¬ 
come  destabilized  in  striatum  after  HI  is  consistent  with 
results  showing  that  lysosomal  membrane  stability  is 
disrupted  in  liver  after  ischemia-reperfusion  (Frederiks 
and  Marx,  1989).  Lysosomal  instability  and  release  of 
hydrolytic  enzymes  into  the  cytosol  may  propagate  cel¬ 
lular  necrosis  by  further  damaging  membranous  or¬ 
ganelles  (Farber  et  al,  1981). 

Abnormalities  in  mitochondrial  structure  occur  dur¬ 
ing  cellular  necrosis  and  can  be  produced  when  mito¬ 
chondrial  ATP  synthesis  fails  and  plasma  membrane 
function  is  impaired  (Laiho  et  al,  1975).  We  found  that 
mitochondrial  function  is  suppressed  at  3  h  after  HI,  is 
sharply  increased  by  6  h  reperfusion,  and  then  mito¬ 
chondrial  enzymatic  activity  is  lost.  COX  subunit  I 
protein  levels  drop  abruptly  by  3  h  after  HI,  followed 
by  a  return  to  baseline,  and  then  a  loss  of  protein  is 
sustained.  The  loss  of  enzyme  function  and  immuno¬ 
logical  delectability  of  protein  at  3  h  may  reflect  acute 
inactivation  and  epitope  modification  or  proteolysis  of 
mitochondrial  proteins,  possibly  resulting  from 
changes  in  intracellular  pH  and  ionic  strength,  ther¬ 
modynamic  stability,  or  changes  in  the  interactions  of 
COX  with  endogenous  modifiers  such  as  ROS  or  other 
proteins  (Bolli  et  al,  1985;  Wolff  and  Dean,  1986;  Da¬ 
vies,  1987;  Capaldi  et  al,  1990).  Mitochondrial  proteins 
undergo  oxidative  inactivation  by  peroxynitrite.  COX 
is  a  target  of  peroxynitrite-mediated  inactivation  (Bo- 
lafios  et  al.,  1995).  In  addition,  H2Oz  production  can 
lead  to  formation  of  hydroxyl  radicals  and  then  lipid 
hydroperoxides  that  can  damage  mitochondrial  mem¬ 
branes  and  inhibit  mitochondrial  functions  (Ravin- 
dranath  and  Reed,  1990).  The  transient  elevation  of 
COX  activity  and  reappearance  of  protein  levels  at  6  h 
suggests  that  the  changes  found  at  3  h  may  be  revers¬ 
ible.  The  enzyme  complex  may  renature  or  undergo 
reversed  modification  or  reversible  inhibition,  or  rapid 
synthesis  (COX  subunit  I  is  made  intramitochondri- 
ally)  (Capaldi,  1990;  Bolli  et  al,  1995).  Moreover,  we 
found  that  COX  subunit  I  protein  aggregates,  forming 
large  multimeric  complexes  after  HI.  This  change  in 
COX  may  signify  increased  covalent  protein-protein 
interactions  due  to  sulfhydryl  oxidation  and  perturba¬ 
tions  in  redox  state  and  is  possibly  related  to  the 
depletion  of  GSH  levels  early  after  HI.  Loss  of  protein 
thiols  by  oxidation  can  lead  to  abnormalities  in  mito¬ 
chondrial  protein  function  and  mitochondrial  mem¬ 
brane  permeability  (Ravindranath  and  Reed,  1990). 
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Mitochondrial  failure  after  HI  is  also  suspected  be¬ 
cause  cytochrome  c  is  depleted.  Cytochrome  c  has 
been  identified  as  an  apoptotic  protease  activating 
factor.  Its  regulated  release  from  mitochondria  and 
interactions  with  other  proteins  participate  in  the 
mechanisms  for  programmed  cell  death  (Li  et  al., 
1997).  However,  cytochrome  c  translocation  and  cyto¬ 
plasmic  accumulation  alone  are  insufficient  for  neuro¬ 
nal  apoptosis  (Deshmukh  and  Johnson,  1998).  Cyto¬ 
chrome  c  accumulation  in  CNS  tissue  soluble  fractions 
is  presumed  to  be  a  marker  for  neuronal  apoptosis 
after  ischemia  (Fujimura  et  al,  1998).  However,  in  the 
presence  of  widespread  structural  and  biochemical 
abnormalities  in  striatum  after  HI,  release  of  cyto¬ 
chrome  c  from  mitochondria  after  ischemia  is  unlikely 
to  be  a  physiologically  regulated  event,  nor  is  it  likely 
that  downstream  effector  mechanisms  for  apoptosis 
are  operative  in  striatal  neurons  after  ischemia.  In¬ 
deed,  we  found  that  cytochrome  c  is  depleted  in  stri¬ 
atal  cytosolic  extracts  after  HI.  This  abnormality  is 
consistent  with  mitochondrial  failure,  impaired  oxida¬ 
tive  phosphorylation,  and  neuronal  necrosis.  Impor¬ 
tantly,  the  loss  of  cytochrome  c  may  contribute  to  the 
oxidative  stress  by  mobilizing  iron  from  heme  groups 
during  its  proteolysis.  Overall,  these  changes  point 
toward  acute  mitochondrial  dysfunction  contributing 
to  the  pathobiology  of  neuronal  necrosis  in  the  new¬ 
born  striatum  after  HI. 

Tubulin  Is  a  Target  of  Oxidative  Stress  after  HI  in 
Newborn  Brain 

We  found  that  tubulin  is  a  target  of  extensive  ty¬ 
rosine  nitration  after  HI.  Tubulin  is  the  major  cytoskel- 
etal  protein  in  neurons  that  forms  the  microtubule 
network  (Brady,  1991).  Microtubules  serve  as  tracks 
for  the  movement  of  mitochondria  and  lysosomes, 
and  they  are  important  in  establishing  and  maintain¬ 
ing  the  shape,  structural  integrity,  locations,  and  func¬ 
tions  of  the  Golgi  apparatus,  ER,  and  mitochondria 
(Brady,  1991).  Amino  acid  modification  of  tubulin  by 
posttranslational  nitrotyrosination  causes  microtubule 
dysfunction  by  a  nitric  oxide-dependent  mechanism 
(Eiserich  et  al.,  1999),  consistent  with  our  finding  that 
tubulin  is  a  target  of  peroxynitrite.  It  is  possible  that 
nitrotyrosination  of  tubulin  and  microtubule  dysfunc¬ 
tion  participate  in  the  mechanisms  for  the  organelle 
abnormalities  that  occur  in  striatal  neurons  after  HI, 
including  dispersion  of  the  Golgi  apparatus,  dilation 
of  the  ER,  accumulation  and  swelling  of  mitochondria, 
and  destabilization  of  lysosomes.  When  cells  are  ex¬ 
posed  to  agents  that  perturb  microtubule  assembly. 


the  ER  network  redistributes,  contracts,  and  then  col¬ 
lapses  towards  the  nucleus  (Lee  and  Chen,  1988),  and 
the  Golgi  apparatus  fragments  into  small  vesicles  that 
are  dispersed  throughout  the  cytoplasm  (Donaldson  et 
al.,  1990;  Pavelka  and  Ellinger,  1993).  These  changes 
are  similar  to  those  that  we  have  found  in  striatal 
neurons  after  HI.  Thus,  oxidative  damage  to  tubulin 
and  microtubule  dysfunction  may  provide  a  molecu¬ 
lar  mechanism  for  some  of  the  subcellular  abnormal¬ 
ities  occurring  in  striatal  neurons  after  HI. 

Oxidative  Stress  Is  a  Mechanism  for  Striatal 
Neuron  Necrosis  in  Newborns  after  HI 

We  found  evidence  for  an  early  loss  of  antioxidant 
capacity  and  oxidative  damage  to  proteins  and  nucleic 
acids.  By  3  to  6  h  after  HI,  GSH  was  depleted,  per¬ 
oxynitrite  damaged  membrane  proteins  (specifically 
Golgi-associated  proteins),  and  nitration  of  tubulin 
increased.  In  addition,  nucleic  acids  were  damaged  by 
hydroxyl  radicals.  Peroxynitrite  oxidation  of  nucleo¬ 
sides  may  not  be  a  major  pathway  (Uppu  et  al,  1996). 
A  more  likely  pathway  for  nucleoside  oxidation  by 
hydroxyl  radical  is  from  the  transitional  metal  (iron)- 
catalyzed,  Haber-Weiss-  and  Fenton-type  reactions 
that  use  superoxide  and  H202  as  substrates,  respec¬ 
tively,  thereby  producing  hydroxyl  radicals  (Boveris 
and  Cadenas,  1997).  Interestingly,  redox-active  heme 
and  nonheme  iron  from  cytochrome  c  breakdown  may 
support  hydroxyl  radical  formation  in  the  cytosol  and 
RNA  oxidation. 

The  mitochondrial  alterations  that  occur  in  dying 
striatal  neurons  after  HI  support  our  conclusion  that 
oxidative  stress  participates  in  the  mechanisms  of  neu¬ 
ronal  necrosis.  Mitochondria  accumulated  in  the  cell 
bodies  of  neurons  by  6  h  of  reperfusion,  and  mito¬ 
chondrial  function  was  increased  transiently  at  6  h 
after  reperfusion.  Mitochondrial  accumulation  could 
be  due  to  interruption  of  mitochondrial  trafficking 
because  of  tubulin/microtubule  perturbations  or  to 
dendritic  attrition  because  dendrites  are  damaged 
early  after  ischemia  (Kitagawa  et  al,  1989;  Yamamoto 
et  al.,  1990).  Alternatively,  mitochondrial  accumula¬ 
tion  may  be  due  to  cell  body  shrinkage  after  the  initial 
swelling  stage  during  3  h  recovery.  A  possible  conse¬ 
quence  of  this  accumulation  is  that  mitochondria  are 
in  closer  proximity  to  each  other  and  to  the  nucleus 
and  other  organelles  within  the  perikaryon.  The  mito¬ 
chondrial  electron-transfer  chain  is  a  primary  genera¬ 
tor  of  superoxide  and  peroxide,  and  damaged  mito¬ 
chondria  are  believed  to  produce  even  more  superox¬ 
ide  ion  (Boveris  and  Cadenas,  1997).  Excessive 
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generation  of  superoxide  occurs  in  piglet  brain  during 
asphyxia-reventilation  (Pourcyrous  et  al.,  1993).  In  ad¬ 
dition,  depletion  of  GSH  has  been  shown  to  lead  to 
mitochondrial  swelling  and  lysis  and  then  cellular 
i  i.  necrosis  (Meister,  1995),  consistent  with  the  abnormal¬ 
ities  we  observed  by  EM.  We  also  found  that  depletion 
of  GSH  precedes  mitochondrial  swelling  and  lysis  and 
c  c  loss  of  cytochrome  c.  Thus,  mitochondrial  accumula¬ 
tion  and  activation  may  be  important  mechanistically 
because  peroxynitrite  and  hydroxyl  radicals  are 
highly  reactive  and  short-lived  (Boveris  and  Cadenas, 
1997)  and,  therefore,  need  to  be  generated  at  sites  near 
target  organelles  and  macromolecules. 

Conclusion 

In  a  piglet  model  of  HI  brain  damage  in  newborns, 
striatal  neuron  necrosis  evolves  rapidly.  It  is  likely  that 
widespread  oxidative  damage  to  organelles  and  mac¬ 
romolecules  is  a  primary  mechanism  for  striatal  neu¬ 
rodegeneration.  Based  on  the  observations  made  here 
with  this  piglet  model,  neuroprotection  strategies  for 
the  amelioration  or  prevention  of  the  acute  striatal 
damage  in  HI  newborns  should  be  implemented  im¬ 
mediately  after  HI,  before  depletion  of  glutathione, 
oxidative  stress,  and  subcellular  injury.  This  informa¬ 
tion  is  important  for  the  management  of  basal  ganglia 
damage  and  neurological  abnormalities  in  HI  human 
newborns. 
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ABSTRACT 

The  mechanisms  of  injury-induced  apoptosis  of  neurons  within  the  CNS  are  not  understood. 
We  used  a  model  of  cortical  injury  in  rat  and  mouse  to  induce  retrograde  neuronal  apoptosis  in 
thalamus.  In  this  animal  model,  unilateral  ablation  of  the  occipital  cortex  causes  unequivocal 
apoptosis  of  corticopetal  projection  neurons  in  the  dorsal  lateral  geniculate  nucleus  (LGN)  by  7 
days  postlesion.  We  tested  the  hypothesis  that  p53  and  Bax  regulate  this  retrograde  neuronal 
apoptosis.  We  found,  by  using  immunocytochemistry,  that  p53  accumulates  in  nuclei  of  neurons 
destined  to  undergo  apoptosis.  By  immunoblotting,  p53  levels  increase  (—150%  of  control)  in 
nuclear-enriched  fractions  of  the  ipsilateral  LGN  by  5  days  after  occipital  cortex  ablation.  p53  is 
functionally  activated  in  nuclear  fractions  of  the  ipsilateral  LGN  at  5  days  postlesion,  as  shown 
by  DNA  binding  assay  (—fourfold  increase)  and  by  immunodetection  of  phosphorylated  p53.  The 
levels  of  procaspase-3  increase  at  4  days  postlesion,  and  caspase-3  is  activated  prominently  at  5 
days  postlesion.  To  identify  whether  neuronal  apoptosis  in  the  adult  brain  is  dependent  on  p53 
and  Bax,  cortical  ablations  were  done  on  p53  and  bax  null  mice.  Neuronal  apoptosis  in  the  dorsal 
LGN  is  significantly  attenuated  (—34%)  in p53~'~  mice.  In  lesioned  p53+/+  mice,  Bax  immu- 
nostaining  is  enhanced  in  the  ipsilateral  dorsal  LGN  and  Bax  immunoreactivity  accumulates  at 
perinuclear  locations  in  dorsal  LGN  neurons.  The  enhancement  and  redistribution  of  Bax 
immunos taining  is  attenuated  in  lesioned p53_/_  mice.  Neuronal  apoptosis  in  the  dorsal  LGN  is 
blocked  completely  in  bax~'~  mice.  We  conclude  that  neuronal  apoptosis  in  the  adult 
thalamus  after  cortical  injury  requires  Bax  and  is  modulated  by  p53.  J.  Comp.  Neurol.  433: 
299—311,  2001.  O  2001  Wiley-Liss,  Inc. 
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Apoptosis  is  an  organized  form  of  cell  death  that  is 
mediated  by  active,  intrinsic  mechanisms  (Arends  et  al., 
1990;  Kerr  and  Harmon,  1991).  Apoptosis  in  the  nervous 
system  is  important  for  a  variety  of  reasons.  Apoptosis  of 
neurons  and  nonneuronal  cells  occurs  normally  in  the 
developing  nervous  system  (Gliicksmann,  1951;  Oppen- 
heim,  1991),  and  defects  in  apoptosis  can  cause  cerebral 
malformations  during  central  nervous  system  (CNS)  de¬ 
velopment  (Kuida  et  al.,  1996;  Hakem  et  al.,  1998).  Apop¬ 
tosis  might  also  participate  in  the  pathogenesis  of  abnor¬ 
mal  neuronal  death  in  chronic  and  acute  neuropathologic 
disorders.  For  example,  the  genes  for  neuronal  apoptosis 
inhibitory  protein  and  survival  motor  neuron  protein  are 
either  deleted  partially  or  are  mutant  in  some  children 
with  pediatric  forms  of  motor  neuron  disease  such  as 
spinal  muscular  atrophy  (Roy  et  al.,  1995;  Lefebvre  et  al., 
1995).  The  neuronal  and  glial  degeneration  in  age-related 
neurodegenerative  disorders  such  as  Alzheimer’s  disease 
and  amyotrophic  lateral  sclerosis  also  may  be  forms  of 
apoptosis  (Anderson  et  al.,  1996;  Kitamura  et  al.,  1999; 
Martin  et  al.,  2000a).  In  acute  neurologic  disorders,  apop¬ 
tosis  of  neurons  and  nonneuronal  cells  may  contribute  to 
the  neuropathology  in  animal  models  of  cerebral  ischemia 
(MacManus  et  al.,  1997;  Martin  et  al.,  1998,  2000b)  and 
spinal  cord  trauma  (Liu  et  al.,  1997).  Therefore,  under¬ 
standing  the  molecular  regulation  of  apoptosis  is  relevant 
to  not  only  nervous  system  development  but  also  neuro¬ 
degeneration  in  pathologic  conditions. 

Apoptosis  can  be  induced  by  the  oncosuppressor  protein 
p53  (Vogelstein  and  Kinzler,  1992;  Levine,  1997).  This 
DNA  binding  protein  functions  in  genome  surveillance, 
DNA  repair,  and  as  a  transcription  factor.  p53  commits  to 
death  cells  that  have  sustained  DNA  damage  from  reac¬ 
tive  oxygen  species  and  other  genotoxic  agents.  The  mech¬ 
anisms  by  which  p53  induces  apoptosis  are  largely  un¬ 
known.  p53  is  a  direct  transcriptional  activator  of  the  Bax 
gene  (Miyashita  and  Reed,  1995)  and  a  transcriptional 
repressor  of  the  Bcl-2  gene  (Miyashita  et  al.,  1994);  thus, 
apoptosis  is  thought  to  be  executed  by  molecular  cascades 
involving  expression  or  activation  of  p53,  Bax,  and 
caspases  (Polyak  et  al.,  1997). 

The  understanding  of  the  mechanisms  of  apoptosis  in 
nervous  system  cells  is  less  advanced  compared  with  cells 
of  nonnervous  tissue  origin.  Seminal  studies  have  shown 
recently  that  Bax  is  critical  for  apoptosis  of  neurons  in  cell 
culture  (Deckwerth  et  al.,  1996;  Miller  et  al.,  1997;  Putcha 
et  al.,  1999)  and  is  required  for  neuronal  apoptosis  during 
development  (Deckwerth  et  al.,  1996).  However,  the  mech¬ 
anisms  of  injury-induced  neuronal  apoptosis  within  the 
CNS  are  much  less  understood  as  compared  with  cell 
culture  and  developmental  paradigms.  We  used  an  injury 
model  of  unequivocal  neuronal  apoptosis  within  the  ro¬ 
dent  brain  to  identify  the  in  vivo  mechanisms  of  neuronal 
apoptosis.  In  this  model,  occipital  cortex  ablation  reliably 
induces  neuronal  apoptosis  in  the  dorsal  lateral  geniculate 
nucleus  (dLGN)  of  thalamus  (Agarwala  and  Kalil,  1998; 
Al-Abdulla  and  Martin,  1998;  Al-Abdulla  et  al.,  1998).  The 
evolution  of  apoptosis  in  these  neurons  is  associated  with 
oxidative  stress  and  the  accumulation  of  nuclear  DNA 
damage  (Al-Abdulla  and  Martin,  1998).  We  used  this 
model  to  test  the  hypothesis  that  injury-induced  apoptosis 
of  neurons  in  the  adult  brain  is  controlled  by  p53,  Bax,  and 
caspase-3. 


MATERIALS  AND  METHODS 
Animals 

Adult  male  rats  and  mice  were  used  for  these  experi¬ 
ments.  Sprague-Dawley  rats  (Charles  River,  Wilmington, 
MA)  weighed  —150-200  g.  Mice  (Jackson  Labs)  were  de¬ 
ficient  in  the  bax  gene  (bax  1  ,  n  =  16)  or  the  p53  gene 
( p53  n  =  10)  and  were  6-8  weeks  of  age  when  used. 

Bax-deficient  mice  were  the  C57BL/6-Baxtmls'k  congenic 
strain.  p53-deficient  mice  were  the  129/Sv-Trp53tml Txi 
strain.  C57/B6  mice  (n  =  20)  served  as  wild-type  controls 
for  bax-null  mice,  and  129/SV  mice  (n  =  10)  served  as 
wild-type  controls  for  p53-null  mice.  The  animals  were 
housed  in  a  colony  room  with  a  12  hour:  12  hour-light/dark 
cycle  and  ad  libitum  access  to  food  and  water.  The  Animal 
Care  and  Use  Committee  of  the  Johns  Hopkins  University 
School  of  Medicine  approved  the  animal  protocol. 

In  vivo  model  of  neuronal  apoptosis 

A  unilateral  occipital  cortex  ablation  served  as  the 
model  for  producing  axotomy  and  target  deprivation  of 
neurons  and  subsequent  apoptosis  selectively  in  the 
dLGN  (Al-Abdulla  et  al.,  1998;  Al-Abdulla  and  Martin, 
1998).  Rats  and  mice  were  anesthetized  with  a  mixture  of 
enflurane:oxygen:nitrous  oxide  (1:33:66)  and  placed  in  a 
stereotaxic  apparatus.  After  a  midline  scalp  incision,  a 
craniotomy  was  made  and  the  dura  was  incised  by  using  a 
sharp  22-gauge  needle.  The  cortex  underlying  the  crani¬ 
otomy  was  then  aspirated  by  using  a  blunt-tipped  22- 
gauge  needle  connected  to  a  vacuum  line,  without  damag¬ 
ing  the  surrounding  venous  sinuses  and  the  underlying 
hippocampus  (Fig.  1A).  Postlesion  survival  times  after 
occipital  cortex  ablation  were  1,  2,  3,  4, 5,  6,  7,  and  14  days. 

Retrograde  labeling  of  corticopetal 
projection  neurons  in  mouse  dLGN 

The  retrograde  tracer  Fluoro-Gold  (FG,  Fluorochrome, 
Inc.,  Englewood,  CO)  was  injected  into  mouse  visual  cor¬ 
tex  to  identify  corticopetal  projection  neurons  in  the 
dLGN.  An  occipital  craniotomy  was  performed,  and  100  nl 
of  5%  FG  in  deionized-distilled  H20  was  injected  into  the 
cortex  as  described  (Al-Abdulla  and  Martin,  1998).  Three 
days  later,  the  mice  (n  =  5)  were  lesioned  with  an  occipital 
cortex  ablation  as  described  above.  FG-injected  mice  with 
occipital  cortex  ablations  survived  for  4  days.  Corticopetal 
projection  neurons  were  identified  by  direct  fluorescence 
as  described  (Al-Abdulla  et  al.,  1998;  Martin  et  al.,  1999). 

Quantification  of  neurons 

At  7  and  14  days  after  occipital  cortex  ablation,  Bax- 
deficient  mice,  p53-deficient  mice,  and  wild-type  mice 
were  anesthetized  with  an  overdose  of  chloral  hydrate  and 
perfused  intracardially  with  ice-cold  phosphate  buffer- 
saline  (PBS,  100  mM,  pH  7.4),  delivered  by  a  perfusion 
pump,  followed  by  4%  paraformaldehyde  in  ice-cold  PBS. 
After  perfusion-fixation,  brains  were  allowed  to  remain  in 
situ  for  1  hour  before  they  were  removed  from  the  skull. 
After  the  brains  were  removed,  they  were  cryoprotected  in 
20%  glycerol-PBS,  uniformly  blocked,  and  frozen  under 
pulverized  dry  ice.  Coronal  serial  symmetrical  sections  (40 
p,m)  through  the  thalamus  were  cut  by  using  a  sliding 
microtome.  Serial  sections  from  each  mouse  brain  were 
mounted  on  glass  slides  and  stained  with  cresyl  violet  for 
neuronal  counting.  Neuronal  counts  in  the  ipsilateral  and 
contralateral  dLGN  were  made  at  1,000  X  magnification 
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by  using  the  stereologic  optical  dissector  method  as  de¬ 
scribed  (Calhoun  et  al.,  1996;  Al-Abdulla  et  al.,  1998). 
Neurons  without  apoptotic  structural  changes  (by  using 
strict  morphologic  criteria,  see  Fig.  lAa)  were  counted. 
These  criteria  included  a  round,  open,  pale  nucleus  (not 
condensed  and  darkly  stained),  granular  Nissl  staining  of 
the  cytoplasm,  and  a  diameter  of —20-25  pun.  With  these 
criteria,  astrocytes,  oligodendrocytes,  and  microglia  were 
excluded  from  the  counts.  Neuronal  counts  were  used  to 
determine  group  means  and  variances  and  comparisons 
among  groups  were  performed  by  using  a  one-way  analy¬ 
sis  of  variance  and  a  Student’s  t-test.  The  experiments 
were  controlled  for  at  two  levels.  Bax-deficient  have  more 
neurons  than  wild-type  mice  (Deckwerth  et  ah,  1996), 
therefore,  neuronal  counts  in  the  contralateral  dLGN  al¬ 
ways  served  as  controls  for  the  ipsilateral  dLGN  in  le- 
sioned  Bax-  and  p53-null  mice.  In  addition,  neuron  counts 
in  wild-type  mice  served  as  strain  controls. 

Localization  of  p53  and  Bax  in  dLGN  after 
occipital  cortex  ablation 

We  evaluated  whether  the  localizations  of  p53  and  Bax 
are  changed  in  dLGN  neurons  after  cortical  damage.  Rats 
at  1,  3,  4,  5,  6,  and  7  days  postlesion  (n  =  4  to  6  per  time 
point)  and  mice  at  5,  6,  and  7  days  postlesion  (n  =  4-10 
per  time  point)  were  used  for  the  immunocytochemical 
detection  of  p53.  p53~'~  and  wild-type  mice  at  5  and  7 
days  postlesion  (n  =  5  per  time  point)  were  used  for  the 
immunocytochemical  detection  of  Bax.  These  animals 
were  anesthetized  and  perfusion-fixed,  and  the  brains 
were  prepared  as  described  above.  p53  and  Bax  were 
detected  in  rat  or  mouse  brain  sections  by  using  a  stan¬ 
dard  immunoperoxidase  method  with  diaminobenzidine 
as  chromogen  and  cresyl  violet  counterstaining.  Three 
different  commercial  antibodies  to  p53  were  used.  Two  of 
these  antibodies  recognize  p53  regardless  of  phosphoryla¬ 
tion  state  (BMG-1B1,  1  pg  IgG/ml  [Boehringer-Mannheim] 
and  Pab240,  1  pg  IgG/ml  [Santa  Cruz]).  The  other  p53 
antibody  used  detects  p53  only  when  it  is  phosphorylated 
at  Ser392  (Oncogene)  and,  thus,  recognizes  activated  p53 
(Levine,  1997).  The  specificities  of  these  p53  antibodies 
were  demonstrated  by  immunoblotting  (see  below  and 
data  not  shown).  These  antibodies  are  highly  specific  for 
detecting  a  major  protein  band  at  —53  kDa  that  has  the 
same  mobility  as  recombinant  p53.  Furthermore,  p53  im- 
munoreactivity  detected  with  these  antibodies  is  exclu¬ 
sively  nuclear  and  is  found  only  in  subsets  of  cells.  Immu- 
nostaining  for  Bax  was  detected  with  a  rabbit  polyclonal 
antibody  that  recognizes  the  N-terminus  (Upstate).  Neg¬ 
ative  control  sections  were  incubated  in  comparable  dilu¬ 
tions  of  immunoglobulin  G  or  with  primary  or  secondary 
antibody  omitted. 

Immunoblotting  for  p53  and  caspase-3 

Rats  were  used  to  measure  p53  and  caspase-3  protein 
levels  during  the  progression  of  neuronal  apoptosis.  Sam¬ 
ples  of  LGN  (ipsilateral  and  contralateral)  were  collected 
for  immunoblotting  at  1,  4,  5,  and  6  days  after  occipital 
cortex  ablation  (n  =  10-17  rats  per  time  point).  Animals 
were  deeply  anesthetized  with  chloral  hydrate,  decapi¬ 
tated,  and  the  brain  was  removed  quickly  and  placed  on 
ice.  Under  a  microsurgical  stereomicroscope,  the  cerebral 
cortex  was  reflected  to  visualize  the  dorsal  thalamus.  The 
LGN  is  readily  discernible  by  surface  landmarks.  By  using 
iridectomy  scissors,  the  LGN  from  ipsilateral  (target  de- 
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prived)  and  contralateral  (control)  thalamus  was  micro- 
dissected  from  each  rat  and  frozen  quickly  on  dry  ice.  LGN 
samples  from  target-deprived  and  control  sides  were 
pooled  for  each  time  point.  The  accuracy  of  the  LGN  mi¬ 
crodissection  was  verified.  LGN  samples  were  removed, 
and  then  brainstems  were  immersion-fixed  in  4%  parafor¬ 
maldehyde.  Afterward,  the  brainstems  were  cryopro- 
tected,  cut,  and  rostral  brainstem  sections  were  stained 
with  cresyl  violet  and  viewed  microscopically  (data  not 
shown). 

LGN  samples  were  homogenized  in  cold  20  mM  Tris 
HC1  (pH  7.4)  containing  10%  (wt/vol)  sucrose,  20  U/ml 
aprotinin  (Trasylol),  20  pg/ml  leupeptin,  20  pg/ml  anti¬ 
pain,  20  pg/ml  pepstatin  A,  20  pg/ml  chymostatin,  0.1  mM 
phenylmethylsulfonyl  fluoride,  10  mM  benzamidine,  1 
mM  EDTA,  and  5  mM  EGTA.  Crude  homogenates  were 
centrifuged  at  1,000  gav  for  10  minutes  (4°C),  and  the 
resulting  pellet  consisting  of  the  nuclear-enriched  fraction 
was  resuspended  in  homogenization  buffer  (without  su¬ 
crose)  supplemented  with  20%  (wt/vol)  glycerol.  The  su¬ 
pernatant  was  then  centrifuged  at  54,000  gav  for  20  min¬ 
utes  (4°C)  to  yield  soluble  and  membrane  fractions.  This 
subcellular  fractionation  protocol  has  been  verified  (Mar¬ 
tin,  2000).  Protein  concentrations  in  nuclear  and  soluble 
fractions  were  measured  by  a  Bio-Rad  protein  assay  with 
bovine  serum  albumin  as  a  standard. 

Immunoreactivities  for  p53  and  caspase-3  were  mea¬ 
sured  in  the  LGN  after  occipital  cortex  ablation.  Nuclear- 
enriched  and  soluble  cell  fractions  from  ipsilateral  and 
contralateral  LGN  samples  were  subjected  to  15%  sodium 
dodecyl  sulfate  polyacrylamide  gel  electrophoresis  (SDS- 
PAGE)  and  transferred  to  nitrocellulose  membrane  by 
electroelution  as  described  (Martin,  1999).  The  positive 
control  for  p53  was  purified  human  recombinant  p53  (On¬ 
cogene  Research  Products).  The  positive  control  for  active 
caspase  was  purified  active  caspase-3  (BioVision  Research 
Products).  The  reliability  of  sample  loading  and  electro- 
blotting  in  each  experiment  was  evaluated  by  staining 
nitrocellulose  membranes  with  Ponceau  S  before  immu¬ 
noblotting.  Blots  were  blocked  with  2.5%  nonfat  dry  milk 
with  0.1%  Tween  20  in  50  mM  Tris-buffered  saline  (pH 
7.4),  then  incubated  overnight  at  4°C  with  antibody.  Two 
different  p53  antibodies  were  purchased  commercially  and 
were  a  sheep  anti-human  recombinant  p53  (BMG-1B1, 
Boehringer  Mannheim)  and  a  mouse  monoclonal  antibody 
to  p53-p-galactosidase  fusion  protein  containing  the  p53 
domain  corresponding  to  amino  acids  156-214  (Pab240, 
Santa  Cruz).  The  neuronal  nuclear-enrichment  of  the 
LGN  subcellular  fractions  was  verified  by  the  presence  of 
the  neuronal  nuclear  protein  NeuN  (Martin,  2000;  data 
not  shown),  as  detected  with  a  mouse  monoclonal  antibody 
(Chemicon).  Caspase-3  was  detected  with  a  rabbit  poly¬ 
clonal  antibody  that  binds  both  the  proenzyme  and  the 
active  subunits  (Santa  Cruz).  The  antibodies  were  used  at 
the  following  concentrations  to  visualize  immunoreactive 
proteins  within  the  linear  range:  2-3  |xg  IgG/ml  (BMG- 
1B1),  1-2  pg  IgG/ml  (Pab240),  0. 2-0.4  pg  IgG/ml  (NeuN), 
and  0.4  pg  IgG/ml  (caspase-3).  After  the  primary  antibody 
incubation,  blots  were  washed  and  incubated  with  horse¬ 
radish  peroxidase-conjugated  secondary  antibody  (0.2  pg/ 
ml),  developed  with  enhanced  chemiluminescence 
(Pierce),  and  exposed  to  x-ray  film.  The  blots  were  then 
reprobed  with  a  monoclonal  antibody  to  synaptophysin 
(Boehringer  Mannheim)  or  synapse-associated  protein-25 
(SNAP-25)  as  controls  for  protein  loading. 
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To  quantify  p53,  caspase-3,  and  synaptic  protein  immu- 
noreactivities,  films  were  scanned  and  densitometry  was 
performed  as  described  (Martin,  1999).  Because  the  anti¬ 
body  to  caspase-3  detects  both  the  proenzyme  and  the 
active  subunit,  these  proteins  were  analyzed  separately. 
Protein  levels  were  expressed  as  relative  optical  density 
measurements,  determined  by  comparing  the  density  and 
area  of  the  immunoreactive  bands  from  ipsilateral  LGN 
samples  to  corresponding  bands  in  contralateral  control 
lanes  in  the  same  blot.  The  immunodensities  for  p53  and 
caspase-3  were  normalized  to  synaptic  proteins.  The  val¬ 
ues  for  each  time  point  were  replicated  in  triplicate  or 
quadruplicate  experiments.  Comparisons  were  made  be¬ 
tween  the  ipsilateral  and  contralateral  LGN  samples  at 
the  same  postlesion  time  point.  The  group  means  and 
variances  were  evaluated  by  one-way  analysis  of  variance, 
and  subsequent  statistical  evaluations  for  significance 
were  made  by  using  a  two-sample  Student’s  t-test. 

p53-DNA  binding  assay 

We  evaluated  whether  p53  in  LGN  samples  had  compe¬ 
tent  DNA  binding  activity.  A  p53-consensus,  double 
stranded  oligonucleotide  (Santa  Cruz,  sc2579)  was  3'-end 
labeled  with  digoxigenin-ll-ddUTP  by  using  terminal 
transferase  (Boehringer  Mannheim),  precipitated,  and  re¬ 
suspended  in  TE  buffer.  DNA-p53  binding  reactions  were 
carried  out  at  room  temperature  for  40  minutes  with  1  ng 
DNA  probe  and  20  gg  nuclear  extract  protein  (from  ipsi¬ 
lateral  and  contralateral  LGN  samples)  in  10  mM  Tris 
buffer  (pH  7.5),  50  mM  NaCl,  5  mM  MgCl2,  1  mM  dithio- 
threitol,  1  mM  EDTA,  5%  glycerol,  and  2  gg  herring  sperm 
DNA.  For  supershift  assays,  nuclear  fractions  were  incu¬ 
bated  (1  hour  at  room  temperature)  with  p53  antibody  (10 
gg/ml)  before  the  reaction  with  oligonucleotide.  Negative 
controls  for  the  p53-DNA  binding  assay  were  nuclear  frac¬ 
tions  from  brain  and  liver  of  p53"'~  mice.  The  samples 
were  resolved  by  electrophoresis  through  a  nondenaturing 
4%  polyacrylamide  gel  (pre-run  for  30  minutes  at  33  V) 
and  transferred  overnight  to  nylon  membrane  followed  by 
ultraviolet  cross-linking.  Membranes  were  incubated  in 
2%  nucleic  acid  blocking  reagent  (Boehringer  Mannheim) 
and  then  in  blocking  reagent  containing  75  mU/ml  anti- 
digoxigenin  Fab  fragments  conjugated  to  alkaline  phos¬ 
phatase  (Boehringer  Mannheim).  After  washing,  mem¬ 
branes  were  reacted  with  CSPD  detection  reagent 
(Boehringer  Mannheim)  and  exposed  to  Kodak  X-OMAT 
film  to  visualize  DNA.  Films  were  scanned  and  DNA  bind¬ 
ing  was  measured  by  densitometry. 

RESULTS 

Occipital  cortex  ablation  in  adult  mouse 
causes  neuronal  apoptosis  in  the  dLGN 

This  model  of  neuronal  apoptosis  in  rat  has  been  char¬ 
acterized  previously  (Al-Abdulla  et  al.,  1998;  Al-Abdulla 
and  Martin,  1998;  Martin  et  al.,  1998).  We  have  adapted 
this  model  of  occipital  cortex  ablation  to  the  mouse  brain 
(Fig.  1A).  The  results  in  wild-type  C57/B6  and  129/SV 
mice  are  similar  to  the  data  obtained  in  rat;  therefore, 
they  are  described  only  briefly.  The  visual  cortex  was 
ablated  in  mouse,  as  verified  by  injecting  occipital  neocor¬ 
tex  with  FG  and  retrogradely  labeling  the  projection  neu¬ 
rons  in  the  dLGN  (Fig.  1A).  The  lesion  in  mouse  brain  is 
consistent.  The  interanimal  variability  is  minimal  in  the 


extent  of  the  cortical  aspiration  in  the  anterior-posterior 
and  medial-lateral  axes  and  in  the  depth  of  the  lesion.  It 
extends  throughout  the  entire  thickness  of  the  cortex  at 
the  lesion  site,  but  the  underlying  hippocampus  is  spared 
(Fig.  1A).  This  cortical  lesion  in  adult  wild-type  C57/B6 
and  129/SV  mice  causes  significant  apoptosis  of  dLGN 
neurons  (—90%  loss  of  neurons,  see  below)  over  a  period  of 
7  days  (Fig.  lAa-d).  During  this  period  the  majority  of 
dLGN  neurons  pass  consecutively  through  chromatolysis 
(Fig.  lAb),  condensation  of  chromatin  into  several  round 
mini-masses  (Fig.  lAc),  and  then  apoptosis  (Fig.  lAd). 
This  progression  of  neuronal  apoptosis  in  vivo  has  been 
described  before  (Al-Abdulla  et  al.,  1998;  Martin,  1999; 
Martin  et  al.,  1999).  Tract-tracing  with  FG  shows  that 
these  apoptotic  neurons  are  geniculocortical  projection 
neurons  (Fig.  IB,  inset). 

p53  accumulates  in  dLGN  neurons  after 
occipital  cortex  lesions 

In  normal  rat  and  mouse  brain,  the  level  of  immunocy- 
tochemically  detectable  p53  is  low.  Immunoreactivity  is 
observed  mostly  in  the  nuclei  of  some  parenchymal  glial 
cells  and  ependymal  cells  lining  the  ventricular  system. 
p53  immunoreactivity  is  rarely  observed  in  the  nucleus  of 
neurons  in  control  brain  (Fig.  2A,E).  After  occipital  cortex 
ablation,  p53  immunoreactivity  accumulates  in  the  nu¬ 
cleus  of  neurons  in  the  ipsilateral  dLGN  of  rat  (Fig.  2B) 
and  mouse  (Fig.  2F).  At  1  day  and  2  days  postlesion,  the 
localization  of  p53  in  the  ipsilateral  dLGN  does  not  differ 
from  the  contralateral  dLGN.  In  ipsilateral  dLGN  neu¬ 
rons,  p53  immunoreactivity  is  elevated  at  4  days  through 
6  days  postlesion  and  is  most  prominent  at  5  days.  This 
accumulation  of  p53  in  neurons  is  much  more  conspicuous 
in  the  mouse  brain  compared  with  the  rat  brain  (Fig. 
2B,F).  At  6  days  postlesion,  some  astroglia  show  an  induc¬ 
tion  of  p53  in  both  ipsilateral  and  contralateral  dLGN 
(Fig.  2C,D). 

p53  levels  increase  in  nuclear  fractions  of 
the  LGN  after  occipital  cortex  ablation 

To  confirm  the  immunocytochemical  findings,  p53  levels 
in  rat  LGN  after  occipital  cortex  ablation  were  measured 
by  immunoblotting.  p53  in  rat  brain  tissue  is  resolved  at 
—53  kDa  as  two  closely  migrating  immunoreactive  bands 
(Fig.  3)  by  SDS-PAGE  (15%  gels),  consistent  with  phos- 
phorylated  and  dephosphorylated  forms  of  p53  (Levine, 
1997).  These  immunoreactive  bands  migrate  as  a  major 
single  band  in  10%  gels  (data  not  shown).  The  migration  of 
these  immunoreactive  proteins  from  rat  LGN  coincides 
with  the  migration  and  detection  of  purified  human-p53 
by  SDS-PAGE  (Fig.  3).  At  5  days  postlesion,  p53  levels  are 
increased  significantly  ( P  <  0.05)  in  the  ipsilateral  LGN 
(150%  ±  13%  of  control,  mean  ±  SEM).  At  6  days  postle¬ 
sion,  p53  levels  are  not  different  (92%  ±  3%  of  control, 
mean  ±  sem)  from  the  contralateral  LGN.  Experiments 
with  the  two  different  antibodies  to  p53  showed  similar 
results. 

p53-DNA  binding  is  elevated  transiently  in 
the  LGN  after  occipital  cortex  ablation 

The  functional  activation  of  p53  as  a  transcription  factor 
in  nuclear  extracts  of  target-deprived  and  control  LGN 
samples  was  evaluated  by  gel  shift  assay  (Fig.  4).  The 
specificity  of  p53-DNA  binding  was  demonstrated  by  the 
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Fig.  1.  Occipital  cortex  ablation  causes  apoptosis  of  geniculocorti- 
cal  projection  neurons  in  mouse  brain.  A;  Nissl-stained  section  dem¬ 
onstrating  the  cortical  aspiration  lesion  (asterisk)  in  mouse  brain.  The 
medial-lateral  extent  of  the  cortical  lesion  involves  occipital  cortex 
subdivisions  Ocl,  Oc2M,  and  Oc2L.  The  depth  of  the  lesion  consis¬ 
tently  reaches  the  corpus  callosum,  but  the  underlying  hippocampus 
remains  intact.  The  lateral  geniculate  nucleus  (LGN)  ipsilateral  to  the 
lesion  is  identified  (arrow).  Neurons  are  shown  at  the  different  stages 
during  the  progression  of  neuronal  apoptosis  in  the  ipsilateral  dLGN. 
These  stages  have  been  described  (Al-Abdulla  et  al.,  1998;  Martin  et 
al.,  1999).  A  normal  dLGN  neuron  (a);  a  neuron  in  the  chromatolytic 
stage  (b);  a  neuron  in  early  apoptosis  showing  nascent  chromatin 
condensation  into  mini-masses  (c);  and  a  neuron  at  endstage  apopto¬ 
sis  with  a  least  two,  discrete,  large  round  nuclear  masses  (d).  B:  Cor- 
ticopetal  projection  neurons  undergo  apoptosis  in  the  dLGN  after 
cortical  ablation  in  mouse.  After  Fluoro-Gold  (FG)  injection  into  the 
mouse  occipital  cortex,  the  dLGN  is  strongly  labeled  (yellow  cells), 
showing  that  these  cells  are  geniculocortical  projection  neurons.  Pre¬ 
labeling  of  neurons  with  FG  before  ablation  identifies  these  apoptotic 
neurons  as  geniculocortical  projection  neurons  (inset).  By  fluorescence 
microscopy,  cytoplasmic  FG  labeling  (yellow  granules)  is  detected 
within  a  neuron  in  apoptosis,  as  revealed  by  Hoechst  33258  staining 
in  the  nucleus  showing  (light  blue)  the  condensed  chromatin.  Scale 
bar  =  1.5  mm  in  A;  50  pm  in  d  (applies  to  a-d);  200  pm  in  B. 


absence  of  signal  when  nuclear  extracts  of  brain  and  liver 
from  p53~  '  ~  mice  were  used  in  the  binding  reactions.  A 
prominent  p53-DNA  complex  was  found  in  liver  nuclear 
extracts  of  wild-type  mice  (Fig.  4,  bracket  in  lane  L 1/1 ).  A 


less  prominent  p53-DNA  complex  was  found  in  total  brain 
nuclear  extracts  of  wild-type  mice  (Fig.  4,  lane  B+/+).  A 
p53-DNA  complex  was  not  found  in  liver  and  brain  of 
p53_/~  mice  (Fig.  4,  lanes  L~/_  and  B“/_).  DNA  binding 
also  disappeared  when  labeled  probe  was  omitted,  when 
an  excess  of  unlabeled  oligonucleotide  was  included,  when 
nuclear  protein  fractions  were  omitted  (not  shown).  In 
nuclear  fractions  of  LGN  at  5  day  postlesion,  two  p53- 
DNA  complexes  were  observed  (Fig.  4,  brackets  in  lane 
5di).  The  presence  of  p53-DNA  binding  complexes  with 
different  mobilities  in  gel  shift  assay  is  consistent  with  the 
finding  that  oligomers  of  p53  bind  DNA  (Levine,  1997). 
p53-DNA  binding  was  increased  markedly  (385.0%  ± 
17.6%  of  control,  mean  ±  SD)  at  5  days  in  ipsilateral  LGN 
compared  with  contralateral  LGN,  corresponding  to  an 
—fourfold  increase  in  DNA  binding  of  p53  (Fig.  4,  brackets 
in  lane  5di).  Supershift  analysis  with  5  days  ipsilateral 
LGN  samples  revealed  an  additional  band  that  was 
shifted  to  higher  molecular  masses  by  p53  antibody  (Fig. 
4,  lane  5di  +  p53  Ab).  In  contrast,  at  6  days  when  neuronal 
apoptosis  is  advanced  structurally,  the  binding  activity  of 
p53  in  ipsilateral  LGN  was  similar  to  the  contralateral 
LGN  (Fig.  4,  lanes  6dc  and  6di).  The  functional  activation 
of  p53  at  5  days  postlesion  was  confirmed  by  the  immuno- 
cytochemical  localization  of  phosphorylated  p53  (Fig.  5). 
Serine-392-phosphorylated  p53  was  observed  in  the  nu¬ 
cleus  of  neurons  in  the  ipsilateral  dorsal  LGN  (Fig.  5A) 
but  not  in  contralateral  LGN  neurons  (Fig.  5B). 

Caspase-3  is  activated  in  the  LGN  after 
occipital  cortex  ablation 

Activation  of  caspase-3  is  a  major  downstream  event  in 
most  forms  of  PCD  (Kuida  et  al.,  1996).  The  levels  of 
procaspase-3  and  active  caspase-3  subunits  were  mea¬ 
sured  by  immunoblotting  soluble  protein  fractions  of  dis¬ 
crete  LGN  microdissections  from  rats  at  1,  4,  5,  and  6  days 
after  the  cortical  lesion  (Fig.  6).  Procaspase-3  was  detected 
as  a  prominent  band  of  immunoreactivity  at  —32  kDa,  and 
the  active  subunits  were  detected  at  —17-20  kDa  (Fig. 
6A).  At  1  day  postlesion,  the  levels  of  procaspase-3  and 
active  caspase-3  are  unchanged  (being  similar  to  naive 
animals);  however,  at  4  days,  the  levels  of  procaspase-3 
and  activated  caspase  are  both  significantly  elevated  (Fig. 
6B).  A  prominent  peak  in  caspase-3  activation  occurs  at  5 
days  as  procaspase-3  levels  return  to  control  levels.  At  6 
days  postlesion,  caspase-3  activation  is  attenuated  signif¬ 
icantly  compared  with  5  days,  although  levels  of  active 
caspase-3  remain  higher  than  in  the  control  LGN  (Fig. 
6B). 

Loss  of  the  p53  tumor  suppressor  function 
protects  neurons  from  apoptosis 

Mice  with  targeted  deletions  of  the  p53  gene  (p53“/“) 
were  used  to  test  the  hypothesis  that  neuronal  apoptosis 
in  adult  brain  is  p53-dependent  (Fig.  7).  At  7  days  after 
occipital  cortex  ablation,  the  number  of  neurons  in  the 
ipsilateral  dLGN  of  wild-type  129/SV  mice  was  13.4%  ± 
2.9%  (mean  ±  SEM)  of  contralateral  dLGN;  in  contrast, 
the  number  of  neurons  in  the  ipsilateral  dLGN  of  p53- 
deficient  mice  was  47.0%  ±  11.0%  (mean  ±  SEM)  of  con¬ 
tralateral  dLGN.  Thus,  loss  of  p53  function  protects  neu¬ 
rons  from  apoptosis  in  the  adult  brain. 

p53  functions  as  a  transcription  factor  (Levine,  1997). 
We  found  that  p53-DNA  binding  is  markedly  elevated  in 
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Fig.  2.  p53  immunoreactivity  accumulates  in  neuronal  nuclei  in 
the  dorsal  lateral  geniculate  nucleus  (dLGN)  after  occipital  cortex 
lesions.  In  rat  brain  at  5  days  postlesion,  neurons  in  the  contralateral 
dLGN  are  not  immunoreactive  for  p53  (A),  but  in  the  ipsilateral 
dLGN,  p53  immunoreactivity  has  accumulated  in  the  nucleus  of  neu¬ 
rons  (B,  arrowheads).  C:  In  rat  brain  at  6  days  postlesion,  subsets  of 
small  cells  with  an  astroglial  morphology  (including  an  ellipsoidal 
pale  nucleus  and  radiating  processes)  in  the  contralateral  dLGN  now 


have  nuclear  p53  immunoreactivity  (dotted  arrows).  D:  Reactive  as¬ 
troglia  (dotted  arrow)  in  the  ipsilateral  dLGN  express  p53,  but  end- 
stage  apoptotic  neurons  (small,  double  arrows)  are  not  immunoreac¬ 
tive.  In  mouse  brain  at  5  days  postlesion,  neurons  in  the  contralateral 
dLGN  are  not  immunoreactive  for  p53  (E),  but  in  the  ipsilateral 
dLGN,  p53  immunoreactivity  has  accumulated  in  the  nucleus  of  many 
neurons  (F,  arrowheads).  Scale  bar  =  10  pm  in  A  (applies  to  A-F). 
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Fig.  3.  p53  increases  transiently  in  rat  lateral  geniculate  nucleus 
(LGN)  after  occipital  cortex  ablation.  Immunoblot  analysis  of  p53 
levels  in  the  nuclear  fractions  of  microdissected  ipsilateral  and  con¬ 
tralateral  LGN  samples  at  5  and  6  days  postlesion.  Purified,  recom¬ 
binant  p53  was  used  as  a  positive  control  (far  right  lane).  p53  is 
increased  in  the  ipsilateral  LGN  at  5  days  (5di)  compared  with  the 
contralateral  LGN  (5dc).  At  6  days  postlesion,  the  ipsilateral  LGN 
(6di)  is  not  significantly  different  from  control  (6dc).  In  the  contralat¬ 
eral  LGN  at  6  days  (6dc),  the  levels  of  p53  are  significantly  greater 
than  in  the  contralateral  LGN  at  5  days  (5dc).  Each  lane  represents 
extracts  from  pooled  LGN  samples  from  10-17  rats.  See  text  for 
quantitative  measurements  using  densitometry.  Synaptophysin  (p38) 
was  used  as  a  loading  control. 


Fig.  4.  p53  is  activated  transiently  in  rat  lateral  geniculate  nu¬ 
cleus  (LGN)  after  occipital  cortex  ablation.  Electrophoretic  mobility 
shift  assay  for  p53-DNA  binding  function  in  nuclear  fractions  of 
microdissected  ipsilateral  and  contralateral  LGN  samples  at  5  and  6 
days  postlesion.  Nuclear  extracts  were  incubated  with  digoxigenin- 
labeled  p53  consensus  oligonucleotide  and  p53-DNA  binding  was  de¬ 
tected  with  antibodies  to  digoxigenin.  Negative  controls  were  nuclear 
fractions  from  brain  (B  _/  )  and  liver  (L“/_)  of  p53  mice,  demon¬ 
strating  the  specificity  of  this  assay.  Brackets  identify  p53-DNA  com¬ 
plexes  (in  lanes  L  ' ' ' ,  5di,  and  5di  +  p53Ab).  Supershift  analysis  (lane 
5di  +  p53Ab)  revealed  an  additional  band  (uppermost  band)  shifted  to 
a  higher  molecular  mass.  53-DNA  binding  activity  is  greatly  increased 
(fourfold)  in  the  ipsilateral  LGN  at  5  days  postlesion.  The  discrete, 
nonspecific  DNA-protein  complex  (just  above  the  free  probe)  is  rela¬ 
tively  equal  across  all  lanes,  indicating  similar  protein  loading.  Each 
lane  represents  extracts  from  pooled  LGN  samples  from  10-17  rats, 
fp,  free  probe.  See  Results  section  for  measurements. 


nuclear  extracts  of  the  LGN  at  5  days  postlesion  (Fig.  4), 
consistent  with  p53  activation  through  phosphorylation 
(Fig.  5A).  p53  is  a  transcriptional  activator  of  the  bax  gene 
(Miyashita  and  Reed,  1995),  and  one  pathway  through 
which  p53  commits  cells  to  death  is  Bax  up-regulation.  We 
therefore  evaluated  whether  Bax  immunostaining  pat¬ 
terns  change  in  the  LGN  after  occipital  cortex  lesions  in 
mice  (Fig.  8).  In  wild-type  p53 '  '  '  mice  at  5  days  after 


Fig.  5.  Immunolocalization  of  active  p53  with  antibody  to 
phospho-p53  (ser392)  demonstrates  nuclear  accumulation  of  active 
p53  in  subsets  of  ipsilateral  dorsal  lateral  geniculate  nucleus  (dLGN) 
neurons  (arrows,  A)  at  5  days  postlesion,  whereas  contralateral  dLGN 
neurons  (B)  have  no  immunoreactivity.  Scale  bar  =  20  pm  in  A 
(applies  to  A,B). 


lesioning,  Bax  immunostaining  is  more  prominent  in  the 
ipsilateral  LGN  compared  with  the  contralateral  LGN, 
but  the  staining  in  the  ventral  LGN  was  similar  (Fig. 
8A,B).  Neurons  in  the  dorsal  LGN  of  p53+,+  mice  show 
marked  accumulation  or  redistribution  of  Bax  immunore¬ 
activity  within  the  perikaryon  (Fig.  8C,D).  Specifically, 
Bax  accumulates  at  perinuclear  locations  in  injured  dorsal 
LGN  neurons  (Fig.  8D,  arrowheads).  In  contrast,  in 
p53~'~  mice  at  5  days  after  lesioning,  the  enhancement  of 
Bax  immunostaining  in  the  dorsal  LGN  is  attenuated 
(Fig.  8E,F). 

Bax  is  required  for  retrograde  neuronal 
apoptosis  in  thalamus  after  cortical  injury 

We  used  mice  with  targeted  deletions  of  the  bax  gene 
( bax  '  )  to  test  the  hypothesis  that  neuronal  apoptosis  in 
the  adult  brain  is  Bax-dependent  (Fig.  9).  At  7  days  after 
occipital  cortex  ablation,  the  number  of  neurons  in  the 
ipsilateral  dLGN  of  wild-type  C57/B6  mice  was  9.0%  ± 
1.0%  (mean  ±  SEM)  of  contralateral  dLGN;  in  contrast, 
the  number  of  neurons  in  the  ipsilateral  dLGN  of  Bax- 
deficient  mice  was  88.0%  ±  10.0%  (mean  ±  SEM)  of  con- 
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Fig.  6.  Caspase-3  is  increased  and  activated  transiently  in  rat 
lateral  geniculate  nucleus  (LGN)  after  occipital  cortex  ablation.  At  Im- 
munoblot  analysis  of  procaspase-3  and  activated  caspase-3  in  the 
soluble  fractions  of  microdissected  ipsilateral  (Ipsi)  and  contralateral 
(Contra)  LGN  samples  at  1,  4,  5,  and  6  days  postlesion.  Synaptophy- 
sin  (p38)  was  used  as  a  loading  control.  B:  Densitometric  quantifica¬ 
tion  of  procaspase  3  and  activated  caspase-3  levels.  Values  are 
mean  ±  standard  deviation.  The  level  of  procaspase  is  increased 
significantly  (P  <  0.05)  at  4  days  postlesion.  The  levels  of  activated 
Caspase-3  are  increased  significantly  (p  <  0.05)  at  4,  5,  and  6  days 
postlesion,  with  peak  activation  occurring  at  5  days  postlesion.  Each 
lane  represents  extracts  from  pooled  LGN  samples  from  10-17  rats. 


tralateral  dLGN.  To  determine  whether  this  effect  is  sus¬ 
tained,  mice  were  survived  for  twice  as  many  days.  At  14 
days  after  occipital  cortex  ablation,  the  number  of  neurons 
in  the  ipsilateral  dLGN  of  wild-type  C57/B6  mice  was 
9.3%  ±  2.0%  (mean  ±  SEM)  of  contralateral  dLGN, 
whereas  the  number  of  neurons  in  the  ipsilateral  dLGN  of 
Bax-deficient  mice  was  95.0%  ±  9.0%  (mean  ±  SEM)  of 
contralateral  dLGN.  Thus,  deletion  of  Bax  results  in  sus¬ 
tained  protection  against  neuronal  apoptosis  in  brain. 

DISCUSSION 

Ablation  of  the  occipital  cortex  causes  neurodegenera¬ 
tion  in  the  dLGN  (Fig.  10).  This  retrograde  neuronal  de¬ 
generation  is  apoptosis  in  rat  (Agarwala  and  Kalil,  1998; 
Al-Abdulla  et  al.,  1998;  Al-Abdulla  and  Martin,  1998).  In 


p53  +/+  i  p53  -/- 


Fig.  7.  Loss  of  functional  p53  protects  neurons  from  apoptosis 
after  cortical  damage.  Occipital  cortex  lesions  were  done  on  p53 *'* 
(wild-type,  n  =  10)  and  p53~'~  mice  (n  -10)  that  were  survived  for  7 
days.  Neurons  were  counted  in  the  ipsilateral  and  contralateral  (con¬ 
trol)  dorsal  lateral  geniculate  nucleus  (dLGN).  Values  are  mean  ± 
SEM.  p53  deficiency  caused  significant  (*P  <  0.05)  protection  against 
apoptosis  of  LGN  neurons. 


mouse,  the  neurodegeneration  in  the  LGN  after  occipital 
cortex  ablation  is  also  apoptosis,  as  shown  here.  This 
study  was  undertaken  to  begin  to  identify  the  genetic  and 
molecular  regulation  of  neuronal  apoptosis  in  vivo  induced 
by  axonal  injury  and  target  deprivation.  Retrograde  de¬ 
generation  of  neurons  may  occur  in  human  adult-onset 
neurodegenerative  disease,  including  Alzheimer’s  disease 
and  motor  neuron  disease  (Saper  et  al.,  1985;  German  et 
al.,  1987;  Pearson  and  Powell,  1989;  Martin  et  al.,  1998), 
and  also  in  human  brain  trauma,  notably  in  thalamus 
(Adams  et  al.,  2000).  Our  results  extend  our  understand¬ 
ing  of  the  in  vivo  mechanisms  neuronal  apoptosis  in  the 
adult  brain  by  demonstrating  that  it  requires  Bax  and  is 
modulated  by  p53.  Cortical  damage-induced,  retrograde 
neuronal  apoptosis  in  thalamus  occurs  in  association  with 
nuclear  sequestration  and  activation  of  p53,  perikaryal 
accumulation  of  Bax,  as  well  as  induction  and  activation  of 
caspase-3  (Fig.  10).  Interestingly,  however,  this  neuronal 
apoptosis  may  occur  by  both  p53-dependent  and  p53- 
independent  mechanisms,  but  Bax  is  required  for  injury- 
induced  apoptosis  of  neurons  in  adult  thalamus. 

p53  is  altered  during  the  progression  of  neuronal  apop¬ 
tosis  in  the  LGN,  leading  to  the  suspicion  that  p53  partic¬ 
ipates  in  mechanisms  of  this  neuronal  death.  We  found 
that  p53  accumulates  in  neuronal  nuclei  before  apoptosis, 
and  p53  protein  levels  increase  transiently  in  nuclear 
extracts  of  LGN.  This  observation  was  extended  by  show¬ 
ing  that  p53  is  functionally  activated,  as  indicated  by 
DNA-binding  activity  and  p53  phosphorylation.  However, 
the  results  gleaned  by  immunoblotting  and  DNA  binding 
assay  must  be  interpreted  with  some  caution,  because 
these  observations  are  based  on  brain  fractions  of  mixed 
neuron  and  glial  cell  populations.  The  more  easily  inter¬ 
pretable  changes  occur  at  5  days  postlesion.  At  5  days, 
DNA  binding  activity  is  increased  in  the  ipsilateral  LGN 
and  immunolocalization  shows  nuclear  accumulation  of 
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p53  in  neurons.  This  p53  is  activated  because  it  is  phos- 
phorylated,  as  also  shown  by  direct  immunolocalization  in 
neurons.  At  6  day  postlesion,  the  interpretation  is  more 
nebulous  than  at  5  days,  because  subsets  of  astroglial  cells 
are  immunopositive  in  ipsilateral  and  contralateral  LGN 
at  6  days.  This  change  most  likely  signifies  astroglial 


Fig.  9.  Neuronal  apoptosis  in  thalamus  after  cortical  damage  re¬ 
quires  Bax.  Occipital  cortex  lesions  were  done  on  bax~*'/+  (wild  type, 
n  =  20)  and  bax~/_  mice  (n  =  16)  that  were  survived  for  7  and  14  days. 
Neurons  were  counted  in  the  ipsilateral  and  contralateral  (control) 
dorsal  lateral  geniculate  nucleus  (dLGN).  Values  are  mean  ±  SEM. 
Bax  deficiency  completely  blocked  the  apoptosis  of  dLGN  neurons, 
and  this  effect  was  sustained  (*P  <  0.05). 


i 


/ 


activation,  even  in  the  unlesioned  LGN.  p53  functions  in 
the  elimination  and  repair  of  cells  that  have  sustained 
DNA  damage.  The  accumulation  of  p53  in  different  types 
of  cells  (neurons  versus  glia)  within  the  LGN  may  reflect 
similar  or  different  cellular  events.  p53  accumulation  in 
LGN  neurons  most  likely  signifies  DNA  damaged-induced 
apoptosis,  because  these  neurons  are  terminally  differen¬ 
tiated.  In  contrast,  p53  induction  in  astroglia  may  signify 
metabolic  activation  and  DNA  damage-induced  cell  cycle/ 
growth  arrest,  possibly  to  allow  for  repair  of  damaged 
DNA,  or  it  may  signify  apoptosis  of  subsets  of  astroglial 
cells. 

We  have  identified  previously  three  structural  stages  of 
neuronal  apoptosis  in  vivo  (Al-Abdulla  et  al.,  1998;  Al- 
Abdulla  and  Martin,  1998;  Martin  et  al.,  1999).  After 
axotomy  and  target  deprivation,  neurons  pass  consecu¬ 
tively  through  chromatolysis,  somatodendritic  shrinkage, 
and  apoptosis.  We  have  hypothesized  that  some  yet  to  be 
identified  key  events  associated  with  DNA  damage  occur 
during  chromatolysis  that  commit  neurons  to  apoptosis 
(Al-Abdulla  et  al.,  1998;  Al-Abdulla  and  Martin,  1998; 


Fig.  8.  p53  deficiency  attenuates  changes  in  Bax  localization  in  the 
lateral  geniculate  nucleus  (LGN)  after  cortical  lesions.  In p53  ‘ 1 '  mice 
at  5  days  postlesion  (A-D),  Bax  immunoreactivity  is  elevated  in  the 
ipsilateral  dorsal  LGN  (B,  dLGN)  compared  with  the  contralateral 
dLGN  (A),  but  staining  is  unaltered  in  the  ventral  LGN  (vLGN).  Bax 
immunoreactivity  markedly  accumulates  in  neurons  (D,  asterisks)  at 
perinuclear  locations  (D,  white  arrowheads)  in  the  ipsilateral  dLGN, 
while  much  fainter  Bax  immunoreactivity  is  observed  in  the  con¬ 
tralateral  dLGN  (C).  E,F:  In  p53  '  mice,  Bax  immunostaining  is 
similar  in  the  ipsilateral  (F)  and  contralateral  (E)  dLGN  at  5  days 
postlesion.  Scale  bars  =  120  pm  in  A  (applies  to  A,B,E,F);  10  pm  in  C 
(applies  to  C,D). 
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Fig.  10.  Diagrammatic  representation  of  the  tentative  time  course 
of  major  events  associated  with  injury-induced  apoptosis  of  neurons 
within  the  adult  brain  after  cortical  injury.  Ablation  of  the  occipital 
cortex  (a  form  of  axotomy  and  target  deprivation)  induces  thalamic 
neurons  in  the  dorsal  lateral  geniculate  nucleus  (dLGN)  to  undergo 
apoptosis  at  6-7  days  postlesion  (Al-Abdulla  et  al.,  1998;  Al-Abdulla 


and  Martin,  1998).  This  apoptosis  is  Bax-dependent  and  involves 
caspase-3  activation  as  downstream  mechanisms.  The  upstream 
mechanisms  seem  to  be  p53-dependent  and  p53-independent  and  may 
involve  activation  of  nuclear  DNA-damage  signaling  pathways  (Al- 
Abdulla  and  Martin,  1998)  in  response  to  oxidative  stress  during 
chromatolysis. 


Martin  et  al.,  1999).  This  fate  contrasts  with  other  models 
of  axonal  injury  that  induce  chromatolysis  followed  by 
recovery,  rescue,  and  regeneration  of  neurons  (Martin  et 
al.,  1998).  In  our  cortical  ablation  model,  the  nuclear  ac¬ 
cumulation  and  activation  of  p53  occurs  during  the  chro- 
matolytic  stage  of  retrograde  neuronal  apoptosis  at  3  to  5 
days  postlesion  and,  thus,  is  possibly  a  key  signal  for  the 
transition  of  chromatolytic  dLGN  neurons  into  apoptosis 
(Fig.  10). 

Increased  levels  of  p53  result  primarily  from  increased 
stability  of  the  protein  (Levine,  1997).  In  unstressed  cells, 
the  level  of  p53  protein  is  low.  The  half-life  of  p53  is  short 
(—5-20  minutes)  due  to  rapid  degradation.  p53  protein 
levels  can  be  increased  when  the  half-life  of  the  protein  is 
extended  due  to  diminished  degradation.  Inhibition  of  the 
26S  proteosome  increases  p53  levels  (Maki  et  al.,  1996). 
Alternatively,  p53  levels  can  be  increased  because  the  rate 
of  initiation  of  p53  mRNA  translation  is  enhanced  (Levine, 
1997).  p53  exists  in  a  latent,  inactive  form  that  requires 
modification  to  become  active.  DNA  damage  can  activate 
p53  (Levine,  1997).  Increases  in  p53  levels  are  propor¬ 
tional  to  the  extent  of  DNA  damage,  with  several  different 
types  of  DNA  lesions  being  potent  signals  for  p53  activa¬ 
tion,  including  double-  and  single-strand  breaks  and  ad¬ 
duct  formation  (Levine,  1997).  In  a  different  model  of 
axonal  injury-induced  neuronal  apoptosis,  we  have  found 
that  DNA  single-strand  breaks  are  formed  at  preapoptotic 
stages  of  degeneration  (Liu  and  Martin,  2001).  The  induc¬ 
tion  and  activation  of  p53  in  LGN  neurons  undergoing 
apoptosis  is  consistent  with  early  DNA  damage  as  an 
upstream  mechanism  of  neuronal  apoptosis  (Al-Abdulla 
and  Martin,  1998). 

p53  functions  as  a  DNA  transcription  factor  (Vogelstein 
and  Kinzler,  1992;  Miyashita  et  al.,  1994;  Miyashita  and 
Reed,  1995;  Levine,  1997).  The  carboxyl  terminus  of  p53  is 
important  for  controlling  p53-DNA  binding  functions  in 
response  to  single  strands  of  DNA  (Jayaraman  and  Prives, 
1995).  Therefore,  to  determine  whether  there  is  a  corre¬ 
sponding  increase  in  transcription  factor  activity  of  p53, 
two  experiments  were  performed.  At  5  days  after  cortical 
damage,  p53-DNA  binding  activity  and  nuclear  accumu¬ 
lation  of  phosphorylated  p53  are  increased  markedly  in 
the  ipsilateral  LGN,  indicating  that  the  p53  is  activated 


functionally.  By  binding  to  promoters,  p53  activates  the 
transcription  of  many  genes.  Promoters  that  respond  to 
p53  include  genes  encoding  proteins  associated  with 
growth  control  and  cell  cycle  checkpoints  (e.g., 
p21Wan/Cipi)  Gadd45,  Mdm2,  PCNA,  cyclin  Dl,  and  cyclin 
G)  and  apoptosis  (e.g.,  Bax,  Bcl-2,  Bcl-xL,  and  Fas).  Bax 
(Miyashita  and  Reed,  1995)  and  redox-related  genes 
(Polyak  et  al.,  1997)  are  key  transcriptional  targets  of  p53 
with  regard  to  neuronal  apoptosis.  These  genes  are  rele¬ 
vant  to  LGN  neuron  degeneration  because  this  neuronal 
death  is  apoptosis  and  these  neurons  sustain  oxidative 
damage  to  DNA  (Al-Abdulla  and  Martin,  1998).  In  this 
study,  we  identified  a  direct  relationship  between  p53  and 
Bax.  In  mice  with  functional  p53,  Bax  immunoreactivity 
accumulates  in  neurons  undergoing  apoptosis  in  the  LGN, 
but  in  mice  deficient  in  p53,  the  Bax  accumulation  is 
attenuated. 

We  found  that  loss  of  p53  function  by  targeted  mutation 
of  the  p53  gene  attenuated  significantly  the  magnitude  of 
neuronal  death.  Other  in  vivo  studies  have  shown  that 
loss  of  p53  function  is  neuroprotective  in  paradigms  of 
irradiation  (Wood  and  Youle,  1995),  kainate-induced  sei¬ 
zures  (Morrison  et  al.,  1996),  and  focal  ischemia  (Crum- 
rine  et  al.,  1994).  Thus,  we  document  for  the  first  time  that 
p53  modulates  axotomy/target  deprivation-induced  apop¬ 
tosis  of  neurons  in  vivo.  This  modulation  of  apoptosis 
may  occur  in  part  through  regulation  of  Bax  levels.  How¬ 
ever,  p53  deficiency  does  not  completely  rescue  LGN  neu¬ 
rons  from  apoptosis,  as  does  Bax  deficiency.  Thus,  p53 
modulates  neuronal  death,  and  Bax  functions  down¬ 
stream  of  p53  in  this  model  of  neuronal  apoptosis  in  vivo. 
This  modulation  of  apoptosis  may  stem  from  p53  having 
DNA  repair  functions  as  well  as  proapoptotic  functions. 
Therefore,  it  is  evident  from  the  partial  rescue  that  this 
form  of  neuronal  apoptosis  can  also  occur  independent  of 
p53  as  well.  A  similar  attenuation  of  neuronal  apoptosis 
occurs  in  p53-deficient  mice  after  adrenalectomy  (Sakhi  et 
al.,  1996).  Because  apoptosis  of  LGN  neurons  can  occur  in 
the  absence  of  functional  p53,  changes  in  p53  during  the 
chromatolytic  stage  of  retrograde  neuronal  apoptosis  can¬ 
not  be  solely  the  key  signal  for  commitment  of  chromato¬ 
lytic  LGN  neurons  to  apoptosis  (Fig.  10).  Granule  cells  in 
cerebellum  can  undergo  apoptosis  that  is  p53-dependent 
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and  p53-independent,  depending  on  the  initiating  stimu¬ 
lus  that  triggers  DNA  damage  (Wood  and  Youle,  1995). 
Based  on  our  observations,  it  is  likely  that  both  p53- 
dependent  and  p53-independent  pathways  for  apoptosis 
are  operative  in  the  death  mechanisms  of  LGN  neurons. 
Therefore,  further  studies  must  be  conducted  to  identify 
the  signals  upstream  from  Bax  that  modify  the  commit¬ 
ment  of  neurons  to  apoptosis  in  thalamus  after  cortical 
injury. 

Because  deletion  of  the  p53  gene  protects  only  partially 
against  neuronal  apoptosis  within  the  brain,  the  nuclear 
sequestration  and  activation  of  p53  are  not  absolute  re¬ 
quirements  for  the  progression  of  apoptosis  in  all  dLGN 
neurons.  However,  it  is  noteworthy  that  two  genes  (p73 
and  p63)  have  been  identified  that  have  significant  se¬ 
quence  homology  to  p53  (Mills  et  al.,  1999).  These  p53 
homologues  may  participate  in  the  mechanisms  of  neuro¬ 
nal  apoptosis  in  the  absence  of  p53.  p73  can  activate 
p53-responsive  promoters  and  can  induce  apoptosis  when 
overexpressed  in  p53-deficient  tumor  cells  (Fang  et  al., 
1999).  p63  isoforms  contain  transactivation  domains  that 
can  transactivate  p53  reporter  genes  and  induce  apoptosis 
(White  and  Prives,  1999).  Deletion  of  p73  seems  to  have 
greater  effects  in  the  nervous  system  compared  with  p53 
(Yang  et  al.,  2000).  Therefore,  in  the  absence  of  p53,  the 
possible  contributions  of  p73  and  p63  in  neuronal  apopto¬ 
sis  need  to  be  explored. 

We  found  that  apoptosis  of  LGN  neurons  requires  Bax. 
This  conclusion  is  based  on  the  finding  the  LGN  neurons 
in  Bax-deficient  mice  do  not  undergo  apoptosis  after  oc¬ 
cipital  cortex  ablation.  By  extending  the  postlesion  sur¬ 
vival  time,  we  found  that  the  rescue  of  neurons  is  sus¬ 
tained.  Other  experiments  have  show  that  Bax  is  required 
for  peripheral  neuron  death  after  neurotrophin  with¬ 
drawal  in  vitro  and  neonatal  facial  motor  neurons  after 
axotomy  (Deckwerth  et  al.,  1996).  Bax  deficiency  blocks 
apoptosis  of  cerebellar  cultured  granule  neurons  induced 
by  low  potassium  (Miller  et  al.,  1997).  Bax  is  important 
also  for  developmental  PCD  of  neurons  (Deckwerth  et  al., 
1996).  However,  our  study  demonstrates,  for  the  first 
time,  that  axotomy/target  deprivation-induced  retrograde 
neuronal  death  within  the  adult  CNS  is  Bax-dependent 
apoptosis  and  that  the  Bax  accumulation  is  dependent  on 
the  presence  of  the  functional  p53  gene.  The  Bax  accumu¬ 
lation  coincides  with  our  previous  demonstration  that  mi¬ 
tochondria  accumulate  in  a  perinuclear  location  at  3  to  5 
days  postlesion  (Fig.  10;  Al-Abdulla  and  Martin,  1998). 
The  perikaryal  accumulation  of  both  Bax  and  mitochon¬ 
dria  in  neurons  undergoing  apoptosis  in  vivo  is  consistent 
with  cell  culture  experiments  showing  that  redistribution 
of  Bax  to  mitochondria  is  a  critical  early  step  in  the  pro¬ 
motion  of  apoptosis  by  Bax  (Wolter  et  al.,  1997;  Putcha  et 
al.,  1999). 

Bax  is  a  member  of  the  Bcl-2  protooncogene  family 
(Merry  and  Korsmeyer,  1997).  Bax  is  thought  to  function 
by  forming  channels  in  mitochondrial  membranes  (Anton- 
sson  et  al.,  1997).  When  active,  these  channels  may  allow 
the  release  of  cytochrome  c  from  mitochondria  to  the  cy¬ 
tosol.  In  neuronal  cell  culture,  Bax-dependent,  caspase-3 
activation  is  a  key  determinant  in  p53-induced  apoptosis 
(Cregan  et  al.,  1999).  Other  cell  culture  models  of  apopto¬ 
sis  show  that  activation  of  caspase-3  occurs  when 
caspase-9  proenzyme  is  bound  by  apoptotic  protease¬ 
activating  factor-1  (Apaf-1)  in  a  process  initiated  by  cyto¬ 
chrome  c  and  either  ATP  or  dATP  (Liu  et  al.,  1996;  Li  et 


al.,  1997).  Apaf-1,  a  130-kD  protein,  serves  as  a  docking 
protein  for  procaspase-9  and  cytochrome  c  (Li  et  al.,  1997). 
Apaf-1  becomes  activated  with  the  binding  and  hydrolysis 
of  ATP  and  the  binding  of  cytochrome  c,  promoting  Apaf-1 
oligomerization  (Zou  et  al.,  1999).  This  oligomeric  complex 
recruits  and  activates  procaspase-9,  and  active  caspase-9 
disassociates  from  the  complex  and  becomes  available  to 
activate  caspase-3. 

Our  in  vivo  study  of  LGN  neuron  apoptosis  is  also  im¬ 
portant  because  we  found  changes  in  caspase-3.  A  large 
increase  in  procaspase-3  levels  occurs  at  4  days  postlesion, 
suggesting  a  transcriptional/translational  event,  and  then 
a  prominent  activation  of  caspase-3  occurs  at  5  days 
postlesion,  indicating  a  posttranslational  proteolytic 
event.  Caspase-3  is  activated  constitutively  in  the  LGN, 
consistent  with  other  studies  in  brain  (Mooney  and  Miller, 
2000).  Constitutive  levels  of  active  caspase-3  in  CNS  ex¬ 
tracts  may  reflect  glial  cell  turnover.  Interestingly,  the 
level  of  activated  caspase-3  decreased  in  the  contralateral 
LGN  at  5  days  postlesion.  This  change  seems  to  coincide 
with  p53  accumulation  in  subsets  of  astroglia  and  their 
morphologic  activation,  thus,  decreased  levels  of  active 
caspase-3  mirror  astrogliosis.  In  contrast,  the  enhanced 
activation  of  caspase-3  or  maintenance  of  constitutive  lev¬ 
els  of  activate  caspase-3  in  the  ipsilateral  LGN  coincides 
with  the  neuronal  accumulation  of  p53  and  Bax  proteins 
and  neuronal  apoptosis.  In  the  ipsilateral  LGN,  it  is  pos¬ 
sible  that  active  caspase-3  decreases  in  the  glial  cell  com¬ 
partment  undergoing  reactive  changes  and  increases  in 
the  neuronal  compartment  undergoing  apoptosis.  Unfor¬ 
tunately,  we  did  not  do  immunolocalization  experiments 
with  the  caspase-3  antibody  used  here,  because  the  results 
would  not  be  clearly  interpretable  because  this  antibody, 
like  most  caspase-3  antibodies  available,  detects  both  the 
proenzyme  and  the  active  subunit.  The  changes  in 
caspase-3  that  we  found  by  immunoblotting  in  our  model 
of  neuronal  apoptosis  with  the  adult  brain  are  consistent 
with  studies  showing  that  activation  of  caspase-3  partici¬ 
pates  in  the  mechanisms  of  retinal  ganglion  neuron  death 
after  optic  nerve  transection  (Kermer  et  al.,  1998,  1999). 
Once  activated,  caspase-3  cleaves  a  protein  with  DNase 
activity  (DFF-45),  and  this  cleavage  activates  a  pathway 
leading  to  the  fragmentation  of  genomic  DNA.  We  have 
identified  dLGN  neurons  undergoing  nuclear  DNA  frag¬ 
mentation  at  6  and  7  days  postlesion  (Al-Abdulla  et  al., 
1998;  Al-Abdulla  and  Martin,  1998). 

The  key  findings  of  this  study  are  that  neuronal  apopto¬ 
sis  in  the  adult  CNS  is  modulated  by  p53  and  requires 
Bax.  These  findings  are  consistent  with  work  in  other, 
mostly  in  vitro,  models  of  neuronal  death.  Our  work  is 
nevertheless  novel  and  important  because  we  used  an 
adult  in  vivo  CNS  model  system  of  neuronal  apoptosis.  We 
found  many  consistencies  with  in  vitro  paradigms.  Con¬ 
sidering  the  vast  differences  in  neuroanatomic  and  cellu¬ 
lar  complexity,  the  identification  of  several  common  neu¬ 
ronal  death  signaling  pathways  in  in  vitro  and  in  vivo 
systems  is  unusual  and  exciting,  because  this  is  not  al¬ 
ways  the  case.  For  example,  different  results  have  been 
observed  among  in  vivo  and  in  vitro  neuronal  excitotoxic- 
ity  models  (Portera-Cailliau  et  al.,  1997).  Our  model  of 
cortical  damage-induced  retrograde  neuronal  apoptosis  is 
relevant  to  acute  neurologic  disorders  in  human,  such  as 
traumatic  and  ischemic  brain  damage  (Adams  et  al., 
2000),  and  adult-onset  neurodegenerative  diseases  in  hu¬ 
man  (Martin  et  al.,  2000a).  The  identification  of  the  ge- 
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netic  and  molecular  basis  of  neuronal  death  in  vivo  is 
essential,  because  ultimately,  it  is  much  more  appropriate 
to  test  new  therapies  for  neuroprotection  in  relevant  in 
vivo  systems  compared  with  in  vitro  systems. 
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ABSTRACT 

We  used  the  fimbria-fornix  (FF)  transection  model  of  axonal  injury  to  test  the  hypothesis  that 
transneuronal  degeneration  occurs  in  the  adult  central  nervous  system  in  response  to  deafferenta- 
tion.  The  medial  mammillary  nucleus,  pars  medialis  (MMNm)  was  analyzed  by  light  and  electron 
microscopy  at  3,  7,  14,  and  30  days,  and  6  months  after  unilateral  FF  transection  in  adult  rat  to 
identify  the  time  course  of  neuronal  responses  in  a  remote  target.  Presynaptic  terminals  and  neu¬ 
ronal  cell  bodies  degenerated  in  the  MMNm  ipsilateral  to  FF  transection.  Terminal  degeneration 
occurred  predominantly  at  3  and  7  days  postlesion.  Between  14  and  30  days  postlesion,  neuronal 
number  in  the  MMNm  decreased  ( — 20%).  Two  forms  of  neuronal  degeneration  were  found  in  the 
MMNm  after  deafferentation.  Some  neurons  died  apoptotically.  Other  neurons  underwent  vacuo¬ 
lar  degeneration.  In  these  latter  neurons,  somatodendritic  pathology  occurred  at  14  and  30  days  and 
6  months  postlesion.  The  ultrastructure  of  this  vacuolar  degeneration  was  characterized  by  disor¬ 
ganization  of  the  cytoplasm,  formation  of  membrane-bound  vacuolar  cisternae  and  membranous 
inclusions,  loss  of  organelles,  cytoplasmic  pallor,  and  chromatin  alterations.  This  study  shows  that 
both  anterograde  axonal  degeneration  and  transneuronal  degeneration  occur  in  a  fornical  target  af¬ 
ter  FF  axon  transection.  This  transneuronal  degeneration  can  be  classified  as  sustained  neuronal 
atrophy  or  transsynaptic  apoptosis. 

Key  words:  afferent-derived  trophic  support;  apoptosis;  axotomy;  deafferentation;  mammillary  nucleus; 
transneuronal  injury;  traumatic  brain  injury;  fimbria-fornix 


INTRODUCTION 

Head  trauma  is  a  leading  cause  of  neurologic  dis¬ 
ability  in  children  and  adults  (Adams  et  al.,  1982). 
White  matter  damage  is  a  frequent  consequence  of  head 
trauma  in  humans  (Adams  et  al.,  1982)  and  experimen¬ 
tal  animals  (Erb  and  Povlishock,  1988;  Maxwell  et  al., 
1997;  Povlishock  and  Jenkins,  1995).  Axons  are  very  sen¬ 
sitive  to  trauma.  Axons  are  transected  acutely  after  se¬ 
vere  injury,  and  they  also  undergo  nondisruptive  injury 


that  culminates  in  delayed  secondary  axotomy  (Maxwell 
et  al.,  1997).  In  human  traumatic  brain  injury,  this  sec¬ 
ondary  axotomy  is  believed  to  be  more  prominent  than 
direct  axonal  transection  (Maxwell  et  al.,  1997).  Damage 
to  white  matter  bundles  can  cause  neurodegeneration  in 
remote  locations  and  functional  deficits.  Axonal  afferent- 
target  disconnection  can  develop  within  hours  after  the 
trauma  (Povlishock  and  Jenkins,  1995).  However,  the 
structure  of  remote  degeneration  of  target  regions  after 
axonal  injury  is  incompletely  characterized  and  the  mech- 
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anisms  of  target  degeneration  after  afferent  axotomy  are 
not  understood.  Traumatic  injury  to  axons  can  activate 
molecular  mechanisms  associated  with  necrosis  and 
apoptosis  (Graham  et  al.,  2000).  Apoptotic  mechanisms 
are  activated  directly  in  axons  (Biiki  et  al.,  2000),  but  the 
responses  of  neurons  in  target  regions  of  damaged  axons 
have  not  been  evaluated. 

Appropriate  model  systems  need  to  be  developed  to 
understand  the  relationships  between  neurodegeneration 
in  targets  and  injury  to  afferent  axons.  The  mammillary 
body  is  a  diencephalic  component  of  the  limbic  system 
Papez  circuit  (Papez,  1937),  which  is  believed  to  be  crit¬ 
ical  for  learning,  memory,  and  emotive  responses  (Ama¬ 
ral,  1987;  MacLean,  1952).  This  nucleus  receives  synap¬ 
tic  afferents  from  the  hippocampal  formation  and 
tegmental  brainstem  nuclei,  and  in  turn,  relays  signals  to 
the  anterior  thalamic  nuclei  and  cingulate  cortex.  The 
mammillary  body  is  a  group  of  nuclei  divisible  into  me¬ 
dial  and  lateral  subdivisions  based  upon  cytoarchitecture 
and  innervation  from  the  postcommissural  fornix  (Allen 
and  Hopkins,  1988;  Krieg,  1932;  Nauta  and  Haymaker, 
1969;  Rose,  1939).  The  mammillary  body  receives  its 
major  forebrain  afferents  from  subicular  neurons  via  the 
fimbria-fornix  (FF)  system  (Allen  and  Hopkins,  1989; 
Canteras  et  al.,  1992;  Namura  et  al.,  1994;  Swanson  and 
Cowan,  1975),  with  the  subiculomammillary  projection 
coursing  topographically  through  the  postcommissural 
fomix  and  terminating  predominantly  in  the  medial  mam¬ 
millary  nucleus  (MMN).  Fomical  lesions  can  cause  mem¬ 
ory  impairments  in  human,  monkey,  and  rat  (Gaffan  and 
Gaffan,  1991;  Mahut,  1972;  Moudgil  et  al.,  2000;  Saun¬ 
ders  and  Weiskrantz,  1989;  Tonkiss  and  Rawlins,  1992). 
Mammillary  body  degeneration  occurs  in  individuals 
with  Korsakoff  s  syndrome,  with  this  neuropathology 
differing  from  that  seen  in  temporal  lobe  amnesias  (Mair 
et  al.,  1979;  Squire  et  al.,  1990);  furthermore,  magnetic 
resonance  imaging  has  identified  a  reduction  in  mam¬ 
millary  body  size  during  aging  (Raz  et  al.,  1992). 

After  FF  transection,  anterograde  degeneration  of  ax- 
otomized  subicular  terminals  occurs  within  the  mammil¬ 
lary  body,  notably  the  MMN,  as  demonstrated  by  light 
microscopy  (Guillery,  1956;  Nauta,  1956).  Furthermore, 
transneuronal  degeneration  of  MMN  neurons  after  corti¬ 
cal  ablation  (including  damage  to  the  hippocampus  and 
limbic  cortex)  and  FF  transection  was  described  origi¬ 
nally  by  Gudden  (1880)  and  was  found  by  light  mi¬ 
croscopy  in  several  species,  especially  when  lesions  are 
made  in  the  immature  brain  (Allen,  1944;  Bleier,  1969). 
This  neuropathology  may  be  a  form  of  deafferentation- 
induced  neuronal  degeneration.  However,  the  effects  of 
FF  transection  on  the  survival  and  structure  of  mammil¬ 
lary  neurons  of  adult  rat  brain  have  not  been  evaluated. 
The  present  study  was  undertaken  to  characterize  early 


and  delayed  cellular  and  subcellular  pathology  within  the 
MMN  after  transection  of  the  FF  in  adult  rat.  The  MMNm 
was  evaluated  for  anterograde  degeneration,  and  poten¬ 
tial  transneuronal  degeneration. 


MATERIALS  AND  METHODS 

Axonal  pathway  lesion  model 

Adult  (150-200  g)  male  Sprague-Dawley  rats  (Charles 
River,  Wilmington,  MA;  n  =  64)  were  used.  The  Animal 
Care  and  Use  Committee  of  the  Johns  Hopkins  Univer¬ 
sity  School  of  Medicine  approved  the  animal  protocol. 
Rats  were  anesthetized  with  a  mixture  of  enflurane/oxy- 
gen/nitrous  oxide  (1:33:66)  and  placed  in  a  stereotaxic 
apparatus.  After  a  midline  scalp  incision,  a  1.5-mm-wide 
craniotomy  centered  ~1.0  mm  caudal  to  bregma  and  1.0 
mm  lateral  to  the  midline  was  performed.  After  the  over- 
lying  motor-sensory  cortex  and  white  matter  were  re¬ 
moved  by  aspiration,  the  FF  was  transected,  avoiding 
damage  to  the  anterior  thalamic  nuclei,  septal  nuclei,  and 
rostral  pole  of  the  hippocampus  (Ginsberg  and  Martin, 
1998;  Ginsberg  et  al.,  1996,  1999).  To  control  for  effects 
of  the  surgical  manipulation  not  related  to  the  FF  tran¬ 
section,  a  control  cerebral  cortex/corpus  callosum  aspi¬ 
ration  (CC)  lesion  was  performed  at  the  same  rostrocau- 
dal  level  as  the  FF  transection.  Rats  that  did  not  undergo 
surgery  served  as  normal  controls. 

Brain  preparation  for  light  microscopy 

Four  short-term  time  points  (3,  7,  14,  and  30  days 
postlesion)  and  one  longer  term  time  point  (6  months 
postlesion)  were  chosen  for  light  and  electron  micro¬ 
scopic  analyses.  After  the  appropriate  postlesion  interval 
(n  =  6-7  per  time  point  for  FF  transection;  n  —  2  per 
time  point  for  CC  lesions;  n  —  2  untreated  controls),  rats 
were  anesthetized  with  sodium  pentobarbital  (70  mg/kg, 
i.p)  and  sacrificed  by  intraaortic  perfusion  with  1% 
paraformaldehyde  in  ice-cold  phosphate  buffer  (0. 12  M, 
pH  7.4)  delivered  by  a  perfusion  pump  (36  mL/min)  for 

1  min  followed  by  4%  paraformaldehyde  in  ice-cold 
phosphate  buffer  for  20  min  delivered  at  the  same  flow 
rate.  Brains  were  removed  from  the  skull,  blocked  in  the 
coronal  plane  and  postfixed  in  4%  paraformaldehyde  for 

2  h  at  4C.  Tissue  blocks  were  cryoprotected  in  30%  su¬ 
crose  in  phosphate  buffer  prior  to  being  frozen  in  isopen¬ 
tane  chilled  by  dry  ice.  A  one  in  12  series  of  40-/xm-thick 
tissue  sections  throughout  the  forebrain,  ranging  from 
~2.7  mm  rostral  to  bregma  to  ~8.3  mm  caudal  to  bregma 
(Paxinos  and  Watson,  1986),  was  stained  with  cresyl  vi¬ 
olet  to  evaluate  the  efficacy  of  the  lesions  and  to  delin¬ 
eate  nuclear  boundaries  within  the  mammillary  body 
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FIG.  1.  Low-power  photomicrograph  of  a  Nissl-stained  sec¬ 
tion  through  the  mammillary  complex  of  a  control  rat.  The  box 
delineates  the  region  of  the  MMNm  subdissected  for  electron 
microscopic  evaluation.  Bar  =  500  jim.  f,  postcommissural 
fornix;  fr,  fasciculus  retroflexus;  LMN,  lateral  mammillary  nu¬ 
cleus;  MMN,  medial  mammillary  nucleus;  MR,  mammillary  re¬ 
cess  of  the  third  ventricle;  pm,  principal  mammillary  tract; 
SUM,  supramammillary  nucleus. 


(Fig.  1).  Representative  maps  of  Nissl-stained  sections 
throughout  the  mammillary  complex  were  created  using 
a  video-based  imaging  system  (Ginsberg  et  al.,  1995; 
Martin  et  al.,  1993). 

Cell  counting 

Coronal  serial  symmetrical  sections  (40  /xm)  through 
the  hypothalamus  were  cut  using  a  sliding  microtome. 
Serial  sections  from  each  rat  brain  were  mounted  on  glass 
slides  and  stained  with  cresyl  violet  for  neuronal  count¬ 
ing.  Neuronal  counts  in  the  ipsilateral  and  contralateral 
MMNm  were  made  at  X  1,000  magnification  using  the 
stereological  optical  fractionator  method  as  described 
(Al-Abdulla  et  al.,  1998;  Calhoun  et  al.,  1996).  Neurons 
without  apoptotic  structural  changes  were  counted  using 
strict  morphological  criteria.  These  criteria  included  a 
round,  open,  pale  nucleus  (not  condensed  and  darkly 
stained),  granular  Nissl  staining  of  the  cytoplasm,  and  a 
diameter  of  ~  10-20  /xm.  With  these  criteria,  astrocytes, 
oligodendrocytes,  and  microglia  were  excluded  from  the 
counts.  Neuronal  counts  were  used  to  determine  group 
means  and  variances  and  comparisons  among  groups 
were  performed  using  a  one-way  analysis  of  variance  and 
a  Student’s  t  test. 


Brain  preparation  for  electron  microscopy 

After  the  appropriate  postlesion  interval  (n  =  3-4  per 
time  point  for  FF  transection;  n  —  2-3  per  time  point  for 
CC  lesions;  n  —  2  untreated  controls),  rats  were  anes¬ 
thetized  with  sodium  pentobarbital  and  vasodilated  with 
0.1%  sodium  nitrite  in  phosphate-buffered  saline  and 
anticoagulated  with  0.1%  heparin  sodium  in  phos¬ 
phate-buffered  saline  injected  into  the  spleen.  Rats  were 
exsanguinated  with  1%  paraformaldehyde/0. 1%  glutar- 
aldehyde  in  ice-cold  phosphate  buffer  delivered  in- 
•traaortically  by  a  perfusion  pump  (36  mL/min)  for  1  min 
followed  by  2%  paraformaldehyde/2%  glutaraldehyde  in 
ice-cold  phosphate  buffer  delivered  at  the  same  flow  rate 
for  25  min.  Brains  were  left  in  the  skull  overnight  in  1% 
paraformaldehyde/0. 1%  glutaraldehyde  in  phosphate 
buffer  at  4°C. 

The  size  and  location  of  the  FF  transection  or  the  CC 
lesion  were  evaluated  grossly  in  coronal  slabs  and  mi¬ 
croscopically  in  Nissl-stained  preparations  of  frozen  sec¬ 
tions  processed  throughout  the  lesion  site.  Microdissected 
samples  from  the  MMNm  (Fig.  1)  for  each  postlesion 
time  point  were  trimmed  to  ~4  X  2  X  2  mm  (length/ 
width/depth),  rinsed  in  phosphate  buffer,  placed  in  2% 
osmium  tetroxide  for  2  h,  dehydrated,  and  embedded  in 
plastic.  Mid-rostrocaudal  mammillary  samples  were 
taken  at  the  midline  dorsal  to  the  mammillary  recess  of 
the  third  ventricle,  effectively  excluding  the  lateral  mam¬ 
millary,  tuberomammillary,  and  arcuate  nuclei.  Mi¬ 
crodissected  MMNm  samples  were  processed  at  the  same 
time  for  each  postlesion  time  point  to  control  for  poten¬ 
tial  changes  in  osmophilia.  The  rostral  face  of  each  sam¬ 
ple  was  notched  prior  to  osmication,  to  ensure  proper  ori¬ 
entation  for  embedding.  Semithin  sections  (1  /am)  and 
thin  sections  (gold  interference  color)  were  cut  on  an  ul¬ 
tramicrotome  (Sorvall,  Norwalk,  CT).  A  rostrocaudal 
survey  was  prepared  by  processing  semithin  and  thin  sec¬ 
tions  from  multiple  blocks  at  the  five  postlesion  time 
points.  Selected  semithin  sections  were  stained  with  1% 
toluidine  blue  and  selected  thin  sections  were  contrasted 
with  uranyl  acetate  and  lead  citrate.  Thin  sections  were 
viewed  with  a  Phillips  CM12  or  a  Jeol  100S  electron  mi¬ 
croscope.  The  investigators  were  blind  to  the  treatment 
conditions  of  the  thin  sections.  Peters  et  al.  (1991)  was 
consulted  for  general  CNS  ultrastructure.  In  addition,  the 
work  of  Allen  and  Hopkins  (1988, 1989)  was  used  specif¬ 
ically  as  references  for  MMNm  ultrastructure. 

RESULTS 

Transection  of  the  FF  interrupted  fibers  of  the  dorsal 
fornix  and  fimbria  with  no  involvement  of  the  anterior 
thalamic  nuclei  or  the  cingulate  cortex,  and  relatively  Iit- 
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tie  damage  to  the  hippocampal  formation,  consistent  with 
previous  studies  (Ginsberg  and  Martin,  1998;  Ginsberg 
et  al.,  1996,  1999).  The  CC  lesions  damaged  the  motor- 
sensory  cortex  and  corpus  callosum,  similar  to  the  FF 
transection,  but  the  FF  was  undamaged.  These  lesions  did 
not  directly  damage  the  mammillary  body,  and  there  was 
no  evidence  for  intracrainal  swelling  and  compression  of 
the  ventral  surface  of  the  brain. 

The  MMN  is  a  distinct  part  of  the  mammillary  com¬ 
plex  (Guillery,  1956;  Krieg,  1932;  Nauta,  1956).  The  dor¬ 
sal  border  is  the  principal  mammillary  tract  and  the  supra- 
mammillary  nucleus,  the  lateral  border  is  the  lateral 
mammillary  nucleus  and  the  postcommissural  fornix,  and 
the  ventral  border  is  the  mammillary  recess  of  the  third 
ventricle  (Fig.  1).  The  MMN  is  subdivided  into  the 
MMNm,  MMN  pars  lateralis,  and  the  MMN  pars  basalis 
based  upon  cell  packing  density  (Allen  and  Hopkins, 
1988;  Krieg  1932).  The  MMNm  has  a  relatively  homo¬ 
geneous  population  of  densely  packed,  darkly  stained 
neurons  evenly  distributed  within  both  hemispheres.  By 
light  microscopy,  no  qualitative  differences  were  dis- 
cemable  in  the  number  of  neurons  in  Nissl-stained  sec¬ 
tions  and  in  1/r.m-thick  plastic  sections  of  the  ipsilateral 
and  contralateral  sides  of  the  MMNm  in  rats  with  FF  tran- 


sections  at  3,  7,  14,  and  30  days  and  6  months  postlesion 
(Fig.  2A-D).  However,  detailed  stereologic  cell  counting 
revealed  a  20%  loss  of  neurons  in  the  ipsilateral  MMNm 
at  30  days  postlesion  (Fig.  3A).  At  this  time  point,  the 
contralateral  MMNm  contained  51,900  ±  10,500 
(mean  ±  SD),  while  the  ipsilateral  MMNm  contained 
41,520  ±  13,  575.  This  loss  of  neurons  may  be  attributed 
to  transsynaptic  apoptosis  in  the  MMNm  because  apop- 
totic  profiles  were  identified  in  the  ipsilateral  MMNm 
(Figs.  3B  and  4C). 

Early  axonal  and/or  terminal  degeneration  and  pro¬ 
gressive  somatodendritic  abnormalities  after  the  lesion 
were  identified  in  toluidine  blue-stained  semithin  sec¬ 
tions  of  the  MMNm  ipsilateral  to  the  FF  transection. 
Specifically,  dark  puncta  were  observed  within  the  neu¬ 
ropil  at  3  and  7  days  postlesion,  suggesting  terminal  de¬ 
generation,  although  little  somatodendritic  changes  oc¬ 
curred  at  these  early  time  points  after  the  lesion  (Fig.  2E). 
By  14  and  30  days  postlesion,  apparent  terminal  degen¬ 
eration  was  less  evident  in  the  neuropil  (Fig.  2F).  Neu¬ 
ronal  degeneration,  however,  was  more  apparent,  as  vac¬ 
uoles  were  observed  within  the  cell  bodies  and  proximal 
dendrites  (Fig.  2F).  A  few  dark  puncta  were  visible  oc¬ 
casionally  within  the  MMNm  neuropil  contralateral  to  the 


FIG.  2.  Terminal  degeneration  and  cellular  alterations  after  unilateral  FF  transections  and  control  CC  lesions  in  Nissl-stained 
sections  (A-C)  and  toluidine  blue-stained  1 -pun-thick  plastic  sections  (D-F)  of  the  MMNm.  The  side  ipsilateral  to  the  FT  and 
CC  lesions  is  to  the  right  for  A-C.  The  arrowhead  indicates  the  midline  for  A-C.  MMN,  medial  mammillary  nucleus;  pm,  prin¬ 
cipal  mammillary  tract.  Bar  100  /am  (A-C);  25  /am  (D-H).  A)  14  days  post-CC  lesion.  No  qualitative  differences  are  observed 
between  the  ipsilateral  and  contralateral  sides.  (B)  3  days  post-FF  transection.  Little  qualitative  differences  in  cell  number,  size, 
or  staining  intensity  are  observed  at  this  early  postlesion  time  point.  (C)  14  days  post-FF  transection.  Similar  to  B,  qualitative 
differences  between  the  ipsilateral  and  contralateral  sides  are  difficult  to  detect  by  light  microscopy.  (D)  14  days  post-CC  lesion. 
The  morphology  of  these  neurons  is  characteristic  of  normal  MMNm  perikarya.  The  cell  bodies  are  enriched  in  Nissl  substance 
and  do  not  contain  dilated  cistemae.  Dark  puncta  within  the  neuropil  are  not  detected.  (E)  3  days  post-FF  transection.  Dark  puncta 
(arrowheads)  are  observed  throughout  the  neuropil,  indicating  anterograde  degeneration  of  terminals  within  the  MMNm  after  uni¬ 
lateral  FF  transection.  (F)  30  days  post-FF  transection.  Astrocytes  and  microglial  cells  (arrowheads)  appose  MMNm  neuronal 
perikarya.  Vacuolated  neurons  are  also  observed  consistently  within  the  MMNm. 
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FIG.  3.  Neuronal  loss  occurs  in  the  mammillary  body  after 
transection  of  the  fornix.  (A)  Neuronal  counts  in  the  MMNm 
after  fomical  deafferentation.  Values  are  mean  ±  standard  de¬ 
viation.  A  significant  (asterisk,  p  <  0.05)  reduction  in  total  neu¬ 
ron  number  is  observed  at  30  days  postlesion,  but  not  at  7  and 
14  days  after  the  lesion.  (B)  Apoptotic  cells  are  encountered 
occasionally  in  the  ipsilateral  MMNm  at  30  day  postlesion.  The 
cells  (arrow)  are  close  to  endstage  apoptosis  according  to  the 
staging  scheme  previously  described  for  neuronal  apoptosis  in 
vivo  (Martin  et  al.,  1998,  1999;  Martin,  2001).  These  cells  are 
classified  as  apoptotic  based  on  the  cellular  shrinkage  and  chro¬ 
matin  condensation  into  several  round  masses.  EM  verified  that 
this  degeneration  was  apoptosis  (see  Fig.  4C).  Bar  =  20  pm. 


FF  transection  at  3  and  7  days  postlesion,  suggesting  mi¬ 
nor  degeneration  of  terminals  from  the  crossed  subiculo- 
mammillary  projection  (Allen  and  Hopkins,  1989;  Swan¬ 
son  and  Cowan,  1975,  1977). 

EM  was  used  to  characterize  this  cytopathology  at  the 
subcellular  level.  Normal  MMNm  neurons  appeared  as 
small,  ovoid  perikarya  with  eccentric,  infolded  nuclei  and 
prominent  nucleoli  (Fig.  4A).  The  cytoplasm  of  cell  body 
and  proximal  dendritic  compartments  is  organized  with 
endoplasmic  reticulum,  polyribosomes,  Golgi  apparatus, 
and  mitochondria.  No  somatodendritic  pathology  was  de¬ 


tected  within  the  MMNm  in  unoperated  controls,  after 
CC  lesions,  or  contralateral  to  the  FF  transection  at  any 
of  the  five  postlesion  time  points. 

After  unilateral  FF  transection,  axonal  abnormalities 
were  seen  by  EM  in  the  MMNm  (Figs.  4  and  5).  Presy- 
naptic  terminal  degeneration  was  identified  at  3  and  7 
days  postlesion  ipsilateral  to  the  FF  transection  (Fig.  5A). 
Degenerating  terminals  formed  asymmetrical  (Gray  Type 
I)  axodendritic,  and  less  frequently,  axosomatic  synaptic 
contacts  within  the  ipsilateral  MMNm  (Fig.  5A).  Degen¬ 
erating  terminals  were  observed  infrequently  contralat¬ 
eral  to  the  FF  transection  at  3  and  7  days  postlesion,  con¬ 
sistent  with  the  evaluations  of  toluidine  blue-stained 
semithin  sections  (Fig.  2F).  Qualitatively,  at  14  and  30 
days  postlesion,  terminal  degeneration  within  the 
MMNm  was  less  prominent  than  at  3  and  7  days  post¬ 
lesion.  However,  preterminal  neurites  with  aggregates  of 
mitochondria  were  observed  consistently  throughout  the 
neuropil  at  6  months  postlesion  within  the  MMNm  that 
were  not  observed  at  the  four  earlier  postlesion  time 
points  (Fig.  5C,D),  indicative  of  long-term  changes. 

After  unilateral  FF  transection  at  14—30  days  post¬ 
lesion,  the  ultrastructural  pathology  (Figs.  4  and  5)  found 
within  the  cell  bodies  and  dendrites  was  characterized 
primarily  by  organelle  poverty  and  the  formation  of  mem¬ 
brane-bound  vacuolar  cistemae  and  inclusions.  At  14 
days,  neurons  with  a  very  rarefied  cytoplasm  were  ob¬ 
served  (Fig.  4B).  This  cytoplasmic  pallor  appeared  to  be 
due  to  loss  or  redistribution  of  organelles.  In  these  neu¬ 
rons  there  was  a  paucity  of  endoplasmic  reticulum,  Golgi 
apparatus,  polyribosomes,  and  mitochondria,  but  the  nu¬ 
cleus  appeared  mostly  normal  with  prominent  nucleoli 
(Fig.  4B).  At  30  days,  these  atrophic  neurons  persisted. 
Dendritic  shafts  within  the  MMNm  at  30  days  postlesion 
contained  prominent  membranous  inclusions  (Fig.  5B). 
In  addition,  at  30  days,  a  few  apoptotic  neurons  were  en¬ 
countered  (Fig.  4C).  These  neurons  were  identified  as 
apoptotic  because  they  possessed  both  nuclear  and  cyto¬ 
plasmic  changes  consistent  with  apoptosis  (Martin  et  al., 
1998).  The  nucleus  contained  condensed  chormatin  ap¬ 
pearing  as  caps  or  crescents  abutting  the  nuclear  enve¬ 
lope  (Fig.  4C,  white  arrows).  Furthermore,  the  cytoplasm 
was  dark  and  condensed  and  contained  intact  mitochon¬ 
dria.  These  cells  were  identified  as  neurons  because  they 
possessed  remnants  of  synaptic  junctions  on  the  cell 
membrane. 

At  6  months,  apoptotic  neurons  were  not  encountered, 
but  some  atrophic  neurons  still  persisted  in  the  MMNm. 
These  MMNm  neurons  displayed  cytoplasmic  disorgani¬ 
zation,  large  somatic  membrane-bound  vacuolar  cister- 
nae,  and  dispersion  of  chromatin  throughout  the  nucleo- 
plasmic  matrix  ipsilateral  to  the  FF  transection,  similar 
to  observations  at  30  days  postlesion.  The  nuclear 
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FIG.  4.  Electron  micrographs  of  MMNm  neuronal  cell  bodies  ipsilateral  to  CC  lesions  and  FF  transections.  (A)  14  days  post- 
CC  lesion.  MMNm  neurons  have  a  normal  structure,  including  an  ovoid  cell  body  with  an  infolded  nucleus  and  well-organized, 
granular  cytoplasm  with  rough  endoplasmic  reticulum,  polyribosomes,  mitochondria,  lysosomes,  and  Golgi  apparatus.  Phagocytic 
cells  are  not  numerous  in  the  neuropil.  (B)  14  days  post-FF  transection.  MMNm  neurons  are  damaged.  The  cell  bodies  appear 
pale  and  reduced  in  size.  Most  neurons  are  organelle-poor  and  contain  disorganized  cytoplasm.  Compared  to  normal  (A),  the  nu¬ 
cleus  appears  smaller  and  the  chromatin  is  finely  dispersed  throughout  the  nucleoplasmic  matrix.  (C)  30  days  post-FF  transec¬ 
tion.  Apoptotic  neurons  are  found.  These  dying  neurons  are  shrunken  and  are  characterized  by  chromatin  condensation  as  caps 
and  crescents  along  the  nuclear  envelope  (white  arrows)  and  cytoplasmic  condensation  with  intact  mitochondria.  Bars  =  1  /xm 
(A,  B);  0.5  /xm  (C). 


changes  within  these  vacuolated  neurons  (Fig.  5C)  were 
not  typical  of  either  neuronal  necrosis  or  apoptosis  (Mar¬ 
tin  et  al.,  1998).  Many  of  these  neuronal  cell  bodies  were 
surrounded  by  glial  cells,  typically  oligodendrocytes  or 
microglia  (Fig.  5C).  At  later  postlesion  time  points,  aber¬ 
rant  preterminal  neurites  that  contained  aggregates  of 
pleomorphic  mitochondria  were  found  in  the  neuropil 
(Fig.  5C,D).  Because  no  physiological  or  anatomical  ev¬ 
idence  exists  for  a  reciprocal  projection  from  the  MMNm 
to  the  hippocampus  or  subiculum  (Namura  et  al.,  1994; 
Swanson  and  Cowan  1975,  1977),  it  is  likely  that  these 
somatodendritic  alterations  are  a  form  of  transneuronal 
degeneration. 

DISCUSSION 

We  found  that  axonal  bundle  transection  in  the  adult 
CNS  induces  two  forms  of  remote  degeneration  in  the 
deafferentated  target  region.  One  type  of  neurodegen¬ 
eration  is  transsynaptic  neuronal  atrophy  that  is  char¬ 
acterized  morphologically  by  intracellular  vacuolar 
pathology.  This  neuronal  damage  is  persistent,  as  evi¬ 
denced  by  the  time  course  evaluation.  The  other  form 
of  neurodegeneration  is  transsynaptic  apoptosis.  These 
observations  are  important  for  the  further  elucidation 
of  mechanisms  of  remote  neurodegeneration  and  de¬ 
layed  neurologic  deficit  after  traumatic  damage  to 
white  matter  tracts. 


Experimental  lesion  design 

We  hypothesized  that  FF  transection  would  cause  neu¬ 
ronal  damage  in  the  mammillary  body  consistent  with 
transneuronal  degeneration.  We  selected  this  system  be¬ 
cause  the  MMNm  does  not  project  directly  to  the  hip¬ 
pocampus  or  subiculum  (Namura  et  al.,  1994;  Swanson 
and  Cowan  1975,  1977).  Therefore,  changes  in  MMNn 
neurons  are  due  to  deafferentation  rather  than  retrograde 
responses.  We  assessed  by  light  microscopy,  stereologi- 
cal  counting,  and  EM  the  MMNm  after  FF  transection  in 
adult  rat.  This  was  done  to  characterize  cellular  and  sub- 
cellular  degeneration  after  lesioning  the  major  forebrain 
source  of  afferents  to  this  nucleus.  Care  was  taken  to 
avoid  damaging  the  anterior  thalamic  nuclei  or  cingulate 
cortex  in  order  to  avoid  potential  retrograde  degeneration 
of  MMNm  neurons  that  innervate  these  regions.  Unilat¬ 
eral  lesions  allowed  comparison  of  the  involved  ipsilat¬ 
eral  side  to  the  side  contralateral  to  the  lesion  in  each  an¬ 
imal.  However,  some  subiculomammillary  fibers  are 
crossed  fomical  projections  (Allen  and  Hopkins,  1989; 
Swanson  and  Cowan,  1975,  1977)  and  may  undergo 
structural  alterations  after  unilateral  FF  transection. 
Therefore,  surgical  and  unoperated  controls  were  also 
evaluated  in  this  study.  Following  unilateral  FF  transec¬ 
tion,  no  somatodendritic  changes  were  observed  (al¬ 
though  slight,  but  consistent,  terminal  degeneration  was 
found)  within  the  contralateral  MMNm;  moreover,  no 
changes  were  observed  within  the  ipsilateral  and  con- 
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FIG.  5.  Progression  of  neurodegeneration  by  EM  within  the  ipsilateral  MMNm  following  unilateral  FF  transection.  (A)  7  days 
postlesion.  A  dark  degenerating  terminal  (asterisk)  forms  an  asymmetrical,  axodendritic  synapse  with  a  dendrite  (d)  cut  in  lon¬ 
gitudinal  profile.  Several  nondegenerating  terminals  (t)  also  form  asymmetrical  synapses  with  the  same  dendrite.  Bar  =  0.5  /xm. 
(B)  30  days  postlesion.  Some  dendrites  (d)  contain  membranous  inclusions.  Two  nondegenerating  terminals  (t)  form  synapses 
with  the  dendritic  profiles.  Bar  =  0.5  /xm.  (C)  6  months  postlesion.  Neuronal  cell  bodies  continue  to  display  evidence  for  injury, 
including  cytoplasmic  vacuolar  cistemae  (asterisks).  Note  the  organelles  within  the  remaining  cytoplasmic  matrix  are  unevenly 
distributed.  Additionally,  aggregates  of  pleomorphic  mitochondria  are  observed  within  preterminal  neurites  (arrows)  in  the  sur¬ 
rounding  neuropil.  Bar  =  1  /xm.  (D)  6  months  postlesion.  Similar  to  C,  axonal  neurites  filled  with  mitochondria  occur  in  the  neu¬ 
ropil.  Bar  =  0.5  /xm. 


tralateral  MMNm  following  the  CC  lesions  or  in  unop¬ 
erated  controls. 

This  experimental  brain  injury  model  is  a  direct  axonal 
transection  lesion.  In  human  head  trauma,  the  majority 
of  white  matter  damage  is  believed  to  be  nondisruptive 


(Maxwell  et  al.,  1997).  A  nondisruptive  white  matter  le¬ 
sion  differs  from  acute  axonal  transection  in  that  the  ax- 
otomy  is  delayed.  Nevertheless,  both  forms  of  axonal  in¬ 
jury  can  cause  afferent  deprivation  of  target  neurons, 
although  the  timing  would  differ. 


105 


GINSBERG  AND  MARTIN 


The  MMNm  is  partially  deafferentated 
after  FF  transection 

Anterograde  degeneration  occurs  within  the  mammil¬ 
lary  complex  after  FF  transection.  This  observation  has 
been  demonstrated  previously  by  light  microscopy  using 
silver  degeneration  methods  and  by  the  loss  of  synapto¬ 
somal  glutamate  uptake  (Guillery,  1956;  Nauta,  1956; 
Storm-Mathisen  and  Opsahl,  1978;  Walaas  and  Fonnum, 
1980).  Surprisingly,  this  change  has  not  been  verified  ul- 
trastructurally.  Our  EM  results  demonstrate  the  axonal 
and  terminal  pathology  within  the  MMNm  after  unilat¬ 
eral  FF  transection.  Degenerating  terminals  form  Gray 
Type  I  asymmetric  contacts  with  postsynaptic  targets, 
suggesting  that  these  terminals  are  glutamatergic.  The 
morphology  of  these  degenerating  subicular  terminals  is 
consistent  with  combined  EM-tract  tracing  experiments 
that  demonstrate  subicular  afferents  form  asymmetrical, 
putative  excitatory,  synaptic  contacts  within  the  mam¬ 
millary  body,  whereas  tegmental  afferents  form  sym¬ 
metrical,  putative  inhibitory,  synaptic  contacts  within  this 
nucleus  (Allen  and  Hopkins,  1989). 

After  FF  transection,  the  majority  of  terminal  degen¬ 
eration  in  the  MMNm  occurs  at  3  and  7  days  postlesion; 
axonal  pathology  is  found  at  14  and  30  days  postlesion. 
However,  swollen  axonal  neurites  are  found  regularly 
within  the  MMNm  at  6  months  postlesion,  revealing 
long-term  structural  changes.  Swollen  axonal  neurites 
were  not  found  within  the  MMNm  at  any  of  the  four  ear¬ 
lier  postlesion  time  points  or  within  the  septal  nuclei  at 
6  months  after  FF  transection  (Ginsberg  and  Martin, 
1998).  Taken  together,  these  structural  changes  demon¬ 
strate  that  the  MMNm  is  partially  deafferentated  after  FF 
transection.  This  injury  is  characterized  by  a  rapid  ter¬ 
minal  degeneration  (initial  onset  at  3-7  days  postlesion), 
followed  by  a  delayed,  long-term  neuritic  response  of  ax¬ 
ons.  The  latter  alteration  may  reflect  a  sprouting/rein¬ 
nervation  response.  For  example,  sprouting  of  fomical 
fibers  following  transection  of  the  postcommissural 
fornix  has  been  identified  within  the  posterior  hypothal¬ 
amus  in  adult  rat  (Stichel  et  al.,  1995). 

Transsynaptic  degeneration  of  MMNm  neurons 
occurs  after  FF  transection 

Neuronal  cell  bodies  within  the  MMNm  are  lost  after 
FF  transection  as  determined  using  strict  stereological 
methods.  We  found  a  20%  reduction  in  the  number  of 
neurons  in  the  MMNm  at  30  days  postlesion.  Two  ma¬ 
jor  forms  of  neurodegeneration  were  identified  in  the 
MMN.  One  form  was  vacuolar  pathology  and  another 
form  was  apoptosis.  Neither  forms  of  neurodegeneration 
occurred  in  controls  (i.e.,  after  CC  lesions  or  in  the  con¬ 
tralateral  MMNm).  The  majority  of  neurons  underwent 


progressive  somatodendritic  shrinkage,  disorganization 
of  the  cytoplasm,  formation  of  membrane-bound  vacuo¬ 
lar  cistemae  and  membranous  inclusions,  loss  of  or¬ 
ganelles,  and  dispersion  of  chromatin  throughout  the  nu- 
cleoplasmic  matrix.  These  changes  were  found  at  14-30 
days  and  6  months  postlesion;  thus,  it  occurred  after  the 
major  wave  of  terminal  degeneration. 

Neuronal  apoptosis  was  observed  by  light  microscopy 
and  EM.  The  structure  resembled  classic  apoptosis  that 
is  programmed  cell  death  (Martin,  2001;  Martin  et  al., 
1998,  1999).  The  apoptosis  was  less  prominent  than  the 
vacuolar  and  pale  neuron  degeneration.  This  apoptosis 
may  be  independent  of  the  vacuolar  pathology.  If  these 
forms  of  degeneration  are  part  of  the  same  process,  then 
it  remains  uncertain  at  which  point  the  MMNm  neurons 
enter  the  process  of  apoptosis.  These  neurons  may  enter 
the  apoptotic  process  directly  from  a  severely  atrophic  or 
a  non-atrophic  intermediate.  However,  we  have  not  ob¬ 
served  such  intermediates  occurring  at  time  points  di¬ 
rectly  prior  to  MMNm  neuron  apoptosis. 

These  neuronal  changes  do  not  represent  a  retrograde 
chromatoly  tic  response  due  to  damage  of  MMNm  targets 
(e.g.,  anterior  thalamic  nuclei),  and  MMN  neurons  are 
not  axotomized  or  deprived  of  their  targets,  because  no 
physiological  nor  anatomical  evidence  exists  for  efferent 
projections  from  the  MMNm  coursing  within  the  FF 
(Allen  and  Hopkins,  1989;  Namura  et  al.,  1994;  Swan¬ 
son  and  Cowan,  1975,  1977).  Therefore,  this  neuronal 
pathology  within  the  MMNm  after  unilateral  FF  transec¬ 
tion  is  transneuronal  degeneration.  Our  work  direcdy  con¬ 
firms  earlier  interpretations  that  transneuronal  injury  occurs 
within  the  mammillary  body  after  limbic  decortication  or 
FF  transection  (Allen,  1944;  Bleier,  1969;  Gudden,  1880). 
Furthermore,  this  study  expands  these  previous  observa¬ 
tions  by  revealing  two  forms  of  neurodegeneration  and  by 
providing  ultrastructural  evidence  of  long-term  neuronal  at¬ 
rophy  in  the  form  of  cell  body  and  dendritic  pathology. 

The  vacuolar  degeneration  in  neurons  within  the 
MMNm  following  unilateral  FF  transection  has  some  ul¬ 
trastructural  similarities  to  excitotoxic  damage  caused  by 
excessive  activation  of  glutamate  receptors  in  hypothal¬ 
amus  and  septum  (Ginsberg  et  al.,  1999;  Olney,  1969; 
Olney  et  al.,  1971).  An  explanation  for  this  observation 
is  that  fomical  efferents  from  the  hippocampal  formation 
to  the  hypothalamus  are  glutamatergic  (Storm-Mathisen 
and  Opsahl,  1978;  Walaas  and  Fonnum,  1980)  and  that 
severing  FF  axons  may  cause  traumatic  depolarization 
and  release  of  presynaptic  glutamate  (Ramnath  and 
Strange,  1992;  Schramm  et  al.,  1990;  Takahashi  et  al., 
1995)  into  extracellular  interstitium  of  the  MMNm.  This 
acute  event  may  promote  sublethal  injury,  rather  than 
lethal  neurotoxicity,  within  postsynaptic,  somatodendritic 
targets.  This  interpretation  would  be  consistent  with  the 


106 


TARGET  DEGENERATION  AFTER  DE AFFERENT ATION 


> 


absence  of  cell  loss  before  30  days  postlesion.  In  addi¬ 
tion,  hypothalamic  neurons,  particularly  MMN  neurons, 
express  a  variety  of  A-methyl-D-aspartate  (NMDA)  and 
non-NMDA  receptors  (Ginsberg  et  al.,  1995;  Martin  et 
al.,  1993).  We  have  found  that  NMDA  receptor  antago¬ 
nists  (Ginsberg  et  al.,  1999)  can  attenuate  transneuronal 
degeneration  in  other  brain  regions.  This  sustained  so¬ 
matodendritic  pathology  within  the  MMNm  following  FF 
transection  also  resembles  subcellular  pathology  within 
the  midline  thalamic  nuclei  and  mammillary  body  fol¬ 
lowing  thiamine  deficiency,  a  paradigm  used  as  an  ani¬ 
mal  model  of  Korsakoff’s  syndrome  (Zhang  et  al.,  1995). 
Interestingly,  somatodendritic  alterations  caused  by  thi¬ 
amine  deficiency  are  ameliorated  by  the  administration 
of  NMDA  receptor  antagonists  (Langlais  and  Mair, 
1990).  Thus  glutamate  receptor  excitotoxicity  may  con¬ 
tribute  to  the  mechanisms  for  transneuronal  degeneration 
within  the  MMNm  after  FF  transection. 

Another  interpretation  of  the  findings  is  that  the 
transneuronal  apoptosis  and  the  apparent  neuronal  atro¬ 
phy  are  due  to  chronic  insufficiencies  in  neurotrophic 
support  derived  from  the  hippocampus.  As  in  immature 
neurons  (Mount  et  al.,  1993),  insufficient  activation  of 
glutamate  receptors  may  be  a  mechanism  for  neuronal  at¬ 
rophy,  possibly  due  to  chronic  glutamatergic  deaf- 
ferentation.  In  addition,  neurotrophin  signaling  may  be 
inadequate  for  maintaining  healthy  neurons  in  the  MMN 
after  FF  transection.  Several  neurotrophins  are  expressed 
highly  in  hippocampus  (Golden  et  al.,  1998;  Langlais  and 
Mair,  1990)  and  are  transported  anterogradely  to  target 
regions  and  released  presynaptically  (Altar  et  al.,  1997; 
Heymach  and  Barres,  1997).  In  any  event,  it  appears  that 
these  MMNm  neurons  survive  after  FF  transection,  rather 
than  die,  and  they  exist  in  an  atrophic  state,  possibly  be¬ 
cause  of  an  inadequate  supply  of  trophic  factors.  The 
identification  of  the  neurotrophic  factors  for  MMN  neu¬ 
rons  may  be  important  for  understanding  the  mechanisms 
for  transsynaptic  apoptosis  and  chronic  neuronal  atrophy 
in  the  adult  brain  and  long  term  deficits  in  memory.  Ther¬ 
apeutic  interventions  such  as  neurotrophin  delivery  or  en¬ 
hanced  neurotrophin  synthesis  are  particularly  pertinent 
to  related  traumatic  brain  injury  paradigms  of  neuronal 
degeneration  where  neuronal  repair  is  a  desired  outcome. 

CONCLUSION 

Unilateral  FF  transection  causes  rapid  terminal  degen¬ 
eration  (at  3-7  days)  as  well  as  delayed  and  long-term 
somatodendritic  pathology  (at  14-30  days  and  6  months) 
within  the  mammillary  body.  Therefore,  the  MMNm  ap¬ 
pears  to  be  vulnerable  to  deprivation  of  its  principal  glu¬ 
tamatergic,  forebrain  afferent  source.  This  neuronal  de¬ 


generation  occurs  as  two  forms;  transsynaptic  apoptosis 
and  transneuronal  atrophy.  This  lesion  is  a  useful  model 
system  for  the  identification  of  the  mechanisms  of 
transneuronal  degeneration  possibly  caused  by  excito¬ 
toxicity  or  loss  of  afferent-derived  trophic  support. 
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Immature  and  Mature  Cortical  Neurons  Engage  Different 
Apoptotic  Mechanisms  Involving  Caspase-3  and  the 
Mitogen- Activated  Protein  Kinase  Pathway 
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Summary:  The  authors  used  cultured  mouse  cortical  neurons 
to  study  mechanisms  of  DNA  damage-induced  apoptosis  in 
immature  and  mature  neurons.  Neurons  were  maintained  viably 
for  60  days  in  vitro  (DIV60).  The  increased  levels  of  glutamate 
receptors,  synaptic  proteins,  and  glycolytic  enzyme  were  used 
to  track  maturation.  Exposure  of  neurons  to  the  DNA-damaging 
agent  camptothecin  induced  apoptosis  in  immature  (DIV5)  and 
mature  (DIV25-30)  neurons.  Internucleosomal  fragmentation 
of  DNA  emerged  more  rapidly  in  mature  neurons  than  in  im¬ 
mature  neurons.  Immunoblotting  revealed  that  cleaved 
caspase-3  increased  in  apoptotic  DIV5  neurons  but  not  in 
DIV30  neurons,  but  immunolocalization  showed  accumulation 
of  cleaved  caspase-3  in  DIV5  and  DIV30  neurons.  A  reversible 
caspase-3  inhibitor  blocked  apoptosis  in  DIV5  neurons  but  not 


in  DIV30  neurons.  Phosphorylation  of  extracellular  signal- 
regulated  kinase/mitogen-activated  protein  kinase  (Erk/MAP 
kinase)-42/44  occurred  preapoptotically  in  mature  but  not  im¬ 
mature  neurons,  while  Erk54  nuclear  translocation  and  MAP 
kinase  kinase  kinase- 1  cleavage  into  putative  caspase-3- 
generated  proapoptotic  fragments  occurred  in  DIV5  but  not 
DIV30  neurons.  Inhibition  of  Erk  activation  with  MAP  kinase 
kinase  inhibitor  blocked  apoptosis  at  both  ages.  The  results 
show  that  immature  and  mature  cortical  neurons  engage  differ¬ 
ent  signaling  mechanisms  in  MAP  kinase  and  caspase  path¬ 
ways  during  apoptosis;  thus,  neuron  age  influences  the  mecha¬ 
nisms  and  progression  of  apoptosis.  Key  Words:  Alzheimer’s 
disease — Amyotrophic  lateral  sclerosis — Cortical  neuron  cul¬ 
ture — DNA  damage — Ischemic  neuronal  death — MEKK1. 


Understanding  the  molecular  regulation  of  apoptosis  is 
relevant  to  neuronal  death  in  nervous  system  develop¬ 
ment  and  to  neurodegeneration  in  pathological  condi¬ 
tions  affecting  the  CNS  of  individuals  throughout  fetal, 
newborn,  childhood,  and  adult  life.  Defective  apoptosis 
can  cause  cerebral  malformations  during  CNS  develop¬ 
ment  (Hakem  et  a!.,  1998;  Kuida  et  ah,  1996).  Dysregu- 
lated  apoptosis  contributes  to  the  pathogenesis  of  CNS 
damage  in  acute  neuropathological  disorders,  such  as  ce¬ 
rebral  ischemia  (MacManus  et  ah,  1997;  Martin  et  ah, 
1998;  Martin  et  ah,  2000)  and  spinal  cord  trauma  (Liu  et 
ah,  1997),  and  in  chronic  neurodegenerative  diseases. 
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such  as  Alzheimer  disease  (Anderson  et  ah,  1996;  Kita- 
mura  et  ah,  1999)  and  amyotrophic  lateral  sclerosis 
(Martin,  1999,  2001).  The  state  of  CNS  maturity  at  the 
time  of  injury  appears  to  influence  the  emergence  of 
different  types  of  cell  death  and  the  rate  of  cell  death 
(Martin  et  ah,  1998;  Martin,  2001;  Martin  et  ah,  2001; 
Natale  et  ah,  2002;  Portera-Cailliau  et  ah,  1997). 

DNA  damage  is  a  potent  signal  for  apoptosis  (Levine, 
1997).  Neurons  sustain  DNA  damage  (e.g.,  hydroxyl 
radical  adducts  or  single-strand  breaks)  after  cerebral 
ischemia  (Martin  et  ah,  2000)  and  axotomy/target  depri¬ 
vation  (Al- Abdulla  and  Martin,  1998;  Martin  and  Liu, 
2002).  Cells  that  have  sustained  DNA  lesions  can  un¬ 
dergo  apoptosis  by  engaging  molecular  cascades  involv¬ 
ing  expression,  activation  by  phosphorylation  or  prote¬ 
olysis,  or  translocation  of  p53,  Bax,  and  caspases  (Polyak 
et  ah,  1997).  Recently,  the  extracellular  signal-regulated 
protein  kinase/mitogen-activated  protein  kinase 
(Erk/MAP  kinase)  pathway,  including  the  upstream 
MAP  kinase  kinase  kinase- 1  (MEKKI)  and  MAP  kinase 
kinase  (MEK),  have  been  implicated  in  the  signaling  of 
apoptosis  in  response  to  DNA  damage  in  nonneuronal 


935 


C.  LESU1SSE  AND  L  J.  MARTIN 


936 


cells  (Widmann  et  al.,  1998).  Erk  activation  may  also 
have  a  role  in  excitotoxic  (Jiang  et  al.,  2000)  and  ische¬ 
mic  (Alessandrini  et  al.,  1999)  neuronal  death,  but  the 
link  to  DNA  damage  in  neurons  is  unknown. 

The  mechanisms  of  DNA  damage-induced  apoptosis 
in  postmitotic  cells  such  as  neurons  are  much  less  un¬ 
derstood  compared  with  cells  of  nonnervous  tissue  ori¬ 
gin.  Relatively  few  in  vitro  model  systems  have  been 
developed  to  evaluate  mechanisms  of  DNA  damage- 
induced  neuronal  apoptosis.  Generally,  these  models  are 
exposure  to  7-irradiation,  ultraviolet  light,  cytosine  ara- 
binoside,  or  topoisomerase  inhibitors  such  as  etoposide 
or  camptothecin  (CPT)  (Morris  and  Gellar,  1996;  Park  et 
al.,  1997;  Park  et  al.,  1998).  This  study  focused  on  CPT- 
induced  neuronal  apoptosis.  The  few  available  studies  on 
CPT-induced  apoptosis  of  cortical  neurons  or  sympa¬ 
thetic  neurons  have  suggested  that  the  death  process  re¬ 
quires  p53  (Johnson  et  al.,  1999;  Xiang  et  al.,  1998), 
supporting  the  idea  that  CPT  neurotoxicity  involves 
DNA  damage.  However,  the  roles  of  caspases  in  CPT- 
induced  neuronal  apoptosis  are  unclear  because  some 
studies  have  shown  that  caspase  inhibitors  block 
(Johnson  et  al.,  1999;  Stefanis  et  al.,  1999)  or  fail  to 
block  (Park  et  al.,  1997)  apoptosis,  and  caspase-3  dele¬ 
tion  may  only  delay  neuronal  death  (Keramaris  et  al., 
2000).  The  role  of  the  MAP  kinase  pathway  in  DNA 
damage-induced  apoptosis  of  neurons  is  virtually  unex¬ 
plored.  In  this  study,  we  used  a  mouse  cortical  neuron 
culture  model  to  further  delineate  the  molecular  mecha¬ 
nisms  of  DNA  damage-induced  neuronal  apoptosis.  We 
tested  the  hypothesis  that  apoptosis  mechanisms  are  dif¬ 
ferent  in  neurons  at  different  maturational  ages.  Specifi¬ 
cally,  we  examined  whether  MAP  kinase  signaling  par¬ 
ticipates  in  the  mechanisms  of  DNA  damage-induced 
neuronal  apoptosis  in  vitro,  and  whether  MAP  kinase  and 
caspase  pathways  and  Bcl-2  family  members  are  acti¬ 
vated  or  modulated  similarly  or  differently  in  immature 
and  mature  neurons.  We  found  prominent  molecular  and 
biochemical  differences  during  the  progression  of  apop¬ 
tosis  in  immature  neurons  compared  with  mature  neu¬ 
rons.  These  differences  were  reflected  in  the  time  course 
or  magnitude  of  internucleosomal  DNA  fragmentation, 
caspase-3  and  MEKK1  cleavage,  and  Erk  activation. 

MATERIALS  AND  METHODS 

Murine  cortical  neuron  culture 

Mouse  cortical  neuron  cultures  were  prepared  as  described 
previously  (Lesuisse  and  Martin,  2002).  The  Animal  Care  and 
Use  Committee  of  the  Johns  Hopkins  University  School  of 
Medicine  approved  the  animal  protocol.  Cerebral  cortices 
were  dissected  from  embryonic  day  16  mice  (C57  strain, 
Charles  River)  and  dissociated  by  treatment  with  0.25%  trypsin 
(Life  Technologies,  Rockville,  MD,  U.S.A.)  followed  by  tritu¬ 
ration  with  a  fire-polished  Pasteur  pipette.  Cells  (10s)  were 
plated  onto  35-mm  tissue  culture  dishes  coated  with  33  p.g/mL 


poly-D-Lysine.  The  cells  were  plated  in  Neurobasal  medium 
(Life  Technologies)  supplemented  with  B27  (Life  Technolo¬ 
gies),  and  25  p,mol/L  (3-mercaptoethunol  and  .streptomy¬ 
cin/amphotericin  B  (Life  Technologies).  Fifty  percent  of  the 
medium  was  changed  3  days  after  plating  and  subsequently 
every  6  days.  Neuronal  cultures  were  maintained  for  up  to 
60  days  in  vitro  (D1V60).  The  astroglial  contamination  of  the 
cell  culture  was  low.  We  have  shown  by  immunoblotting 
that  glial  fibrillary  acidic  protein  is  undetectable  at  DIV5 
and  low  at  DIV25  (Lesuisse  and  Martin,  2002).  By  immuno¬ 
blotting,  the  detection  of  markers  for  microglia  and  oligoden- 
droglia  is  similarly  low  (Martin  and  Lesuisse,  unpublished  data, 
2002).  Another  group  has  reported  a  nearly  pure  neuronal  cul¬ 
ture  using  similar  conditions  with  B27  supplementation  and 
low  glutamine  concentration  to  limit  growth  of  glia  (Brewer  et 
al.,  1993).  For  every  experiment  that  was  performed  on  cortical 
neurons  at  different  in  vitro  ages,  the  cells  in  the  different  age 
groups  were  prepared  from  the  same  original  dissociated  cells, 
so  that  appropriate  comparisons  could  be  made  (Lesuisse  and 
Martin,  2002). 

Camptothecin-induced  apoptosis 

Neurons  were  stimulated  to  undergo  apoptosis  in  vitro  by 
treatment  with  CPT,  an  inhibitor  of  topoisomerase-I  (Bendixen 
et  al.,  1990;  Hsiang  et  al.,  1985).  Camptothecin  (Sigma,  St. 
Louis,  MO,  U.S.A.)  was  dissolved  in  double-distilled  water 
supplemented  with  sodium  hydroxide  and  heated  at  55°C  for  30 
minutes  to  solubilize  completely  the  drug  at  a  final  concentra¬ 
tion  of  50  mmol/L,  and  was  further  diluted  in  Neurobasal  me¬ 
dium.  At  DIV5  or  DIV25-30,  mouse  cortical  neurons  were 
treated  with  i,  10,  or  100  p.mol/L  CPT  for  4,  8,  24,  48,  or  72 
hours.  A  cell-permeable  reversible  caspase-3  inhibitor  Ac- 
AA V ALLPA VLLALLAPDEVD-CHO  (Alexis  Biochemicals, 
San  Diego,  CA,  U.S.A.)  and  an  inhibitor  of  MEK1/2  (U0I26) 
(Cell  Signaling  Technology)  were  evaluated  for  effects  on 
blocking  neuronal  apoptosis.  Caspase-3  inhibitor  was  dissolved 
in  DMSO  (20-mmol/L  stock).  U0126  was  dissolved  in  50% 
ethanol/50%  DMSO  or  70%  methanol/30%  DMSO  (50- 
mmol/L  stock).  The  drugs  were  used  at  final  concentrations  of 
10  and  100  p,mol/L  in  cultures.  Caspase-3  inhibitors  are  often 
used  at  this  concentration  range  (Park  et  al.,  1997;  Stefanis  et 
al.,  1999).  Cells  were  pretreated  for  2  hours  before  exposure  to 
CPT.  Neuronal  cultures  were  used  for  quantification  of  apop¬ 
tosis,  protein/DNA  extractions,  or  electron  microscopy  (EM). 
For  quantification  of  neuronal  apoptosis,  cultures  were  stained 
with  a  nuclear  dye  (Hoechst  33258),  digital  images  were  cap¬ 
tured  from  six  nonoverlapping  microscopic  fields  (20x  objec¬ 
tive),  and  apoptotic  nuclei  were  counted.  The  analysis  of  the 
cell  counts  was  performed  using  ANOVA,  and  subsequent  sta¬ 
tistical  post  hoc  evaluation  of  significance  was  performed  using 
the  Student’s  r-test. 

Genomic  DNA  fragmentation  analysis 

Cortical  neurons  (from  three  different  platings)  cultured  in 
35-mm  plates  were  washed  twice  in  ice-cold  phosphate- 
buffered  saline  (PBS),  resuspended  in  300  p.L  DNA  extraction 
buffer  (10  mmol/L  Tris,  pH  7.4;  10  mmol/L  NaCl;  25  mmol/L 
EDTA)  containing  100  p.g  proteinase  K  (Boehringer,  Mann¬ 
heim,  Germany)  and  incubated  at  37°C  overnight.  DNA  was 
purified  by  phenol/chloroform  extraction  and  resuspended  in 
200  p.L  TE.  Approximately  20  microliters  of  each  sample  was 
fractionated  in  1.5%  TBE  agarose  gels  containing  ethidium 
bromide.  DNA  was  visualized  with  a  Fluor-S  Multiimager 
(Bio-Rad,  Hercules,  CA). 
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Cellular  and  subcellular  fractionation 
and  immunoblotting 

Total  cell  extracts  were  used  to  characterize  normal  devel¬ 
oping  cultures  at  D1V5  to  DIV60.  For  total  protein  extracts, 
cortical  neuron  cultures  (three  wells  for  each  maturational  time 
point,  two  different  platings)  were  lysed  in  TNE  buffer  (10 
mmol/L  Tris-HCL,  pH  7.4;  150  mmol/L  NaCl;  5  mmoI/L 
EDTA)  containing  protease  inhibitors  (1  mmol/L  PMSF,  10 
pg/mL  leupeptin,  10  pg/mL  pepstatin  A)  and  detergents 
(2%  SDS,  1%  deoxycholate,  1%  NP-40),  and  sonicated  for 
15  seconds. 

Subcellular  fractionations  were  performed  on  CPT-treated 
neurons.  DIV5  and  DIV25-30  cortical  neuron  cultures  (three 
different  platings)  were  treated  with  100  pmol/L  CPT,  and  cells 
were  harvested  4,  8,  and  24  hours  later.  Soluble,  insoluble,  and 
nuclear  proteins  were  analyzed  by  Western  blot  analysis  to 
identify  changes  in  the  levels  or  activation  of  death  and  survival 
proteins  and  changes  in  organelle  and  synapse  markers  during 
the  progression  of  neuronal  apoptosis.  For  subcellular  fraction¬ 
ations,  cortical  neurons  (18  wells  for  each  treatment)  were  re¬ 
suspended  in  200  mmol/L  mannitol,  70  mmol/L  sucrose,  1 
mmol/L  EGTA,  and  10  mmol/L  HEPES  (pH  7.5)  containing 
protease  inhibitors  (1  mmol/L  PMSF,  10  pg/mL  leupeptin,  10 
pg/mL  pepstatin  A),  homogenized  in  a  glass-Teflon  grinder 
with  10  up-and-down  strokes,  and  centrifuged  at  1,000  g  to 
collect  the  nuclear  fraction.  The  nuclear  fraction  was  resus¬ 
pended  in  the  same  extraction  buffer  and  homogenized  for  the 
second  time  in  a  glass-Teflon  grinder.  The  soluble  and  in¬ 
soluble  (pellet)  fractions  were  isolated  by  centrifugation  of  the 
jsupernatant  at  100,000  g.  Protein  concentrations  of  each  ho¬ 
mogenate  were  determined  by  protein  assay  (Pierce,  Rockford, 
IL,  U.S.A.).  Homogenates  were  diluted  further  in  Laemmli 
sample  buffer. 

Protein  (20  pg)  from  neuronal  cultures  was  resolved  on  gra¬ 
dient  SDS  polyacrylamide  gels  (4-20%)  and  transferred  to  ni¬ 
trocellulose  filter  membranes  by  electroblotting.  Nitrocellulose 
membranes  were  blocked  in  5%  (w/v)  nonfat  dry  milk  in  PBS. 
After  overnight  incubation  with  the  primary  antibodies  in  PBS 
supplemented  with  5%  nonfat  dry  milk  and  0.05%  (v/v) 
Tween-20,  membranes  were  rinsed  and  then  incubated  with 
peroxidase-conjugated  secondary  antibody.  Immunoreactive 
proteins  were  visualized  with  enhanced  chemiluminescence 
(Amersham). 

The  developmental  maturation  of  cortical  neuron  cultures 
was  evaluated  by  expression  of  subtypes  of  glutamate  recep¬ 
tors,  synaptic  proteins,  a  glycolytic  enzyme,  and  death/surviva! 
proteins.  Protein  expression  profiles  were  also  evaluated  during 
the  progression  of  neuronal  apoptosis  after  exposure  to  CPT. 
The  following  antibodies  were  used  for  immunoblotting: 
monoclonal  antibodies  against  a-synuclein  (Transduction 
Laboratories,  Lexington,  KY,  U.S.A.),  cytochrome  c  oxidase 
subunit  I  (Molecular  Probes,  Eugene,  OR,  U.S.A.),  glyceral- 
dehyde  phosphate  dehydrogenase  (Research  Diagnostics, 
Flanders,  NJ,  U.S.A.),  p53  (Pharmingen,  San  Diego,  CA, 
U.S.A.),  NMDA  receptor  R!  subunit  (Pharmingen),  synapto- 
physin  (Boehringer),  pan-Erk  (Transduction  Laboratories),  ac¬ 
tive  Erk42-44  (Promega),  and  poly-ADP  ribose  polymerase 
(PARP;  Calbiochem,  San  Diego,  CA,  U.S.A.);  and  rabbit  poly¬ 
clonal  antibodies  against  p-synuclein  (Oncogene  Science, 
Cambridge,  MA,  U.S.A.),  AMPA  receptor  subunits  GluR2/3 
(Martin  et  al.,  1993),  Bcl-2  (N-19;  Santa  Cruz  Biochemicals, 
Santa  Cruz,  CA,  U.S.A.),  easpase-3  (H-277;  Santa  Cruz), 
cleaved  easpase-3  (DI75;  Cell  Signaling  Technology),  Bcl-x, 
(Ab-3;  Calbiochem),  Bak  (N-terminal;  Upstate  Biotechnology, 
Lake  Placid,  NY,  U.S.A.),  Bax  (N-terminal,  Santa  Cruz),  and 


MEKK1  (Santa  Cruz).  A  synthetic  peptide  (Santa  Cruz)  was 
used  to  perform  peptide  competition  experiments  for  MEKK1. 

Protein  crosslinking  and  immunoprecipitation 

Interactions  between  cleaved  caspase-3  and  other  proteins 
were  studied.  Cortical  neurons  were  treated  for  24  hours  with 
CPT  and  then  incubated  for  20  minutes  with  1  mmol/L  dithio- 
bis-succinimidyl-propionate  (DSP;  Pierce).  The  cells  were 
rinsed,  lysed,  and  proteins  were  extracted  as  described  previ¬ 
ously.  Proteins  (200  p.g)  were  immunoprecipitated  with  anti¬ 
body  to  cleaved  caspase-3  (D175;  Cell  Signaling  Technology) 
and  resolved  on  gradient  SDS  polyacrylamide  gels  with  or 
without  (3-mercaptoethanol  in  the  loading  buffer  (DSP- 
crosslinked  proteins  are  thiol  cleavable).  Proteins  were  trans¬ 
ferred  to  nitrocellulose  and  blots  were  probed  with  antibody  to 
cleaved  caspase-3  (D175). 

Immunocytochemistry 

Immunofluorescence  was  used  to  visualize  cleaved 
caspase-3  in  nontreated  and  CPT-treated  cortical  neurons.  Cells 
were  fixed  in  4%  paraformaldehyde/4%  sucrose  in  PBS  (4°C, 
20  minutes)  and  then  with  methanol  (4°C,  10  minutes),  and 
then  permeabilized  in  0.2%  Triton  X-100,  10%  NGS  in 
PBS  (4°C,  10  minutes),  and  incubated  overnight  at  4°C  in  10% 
NGS  in  PBS  with  primary  antibody  to  cleaved  caspase-3 
(D175,  1:1000).  Antibody  binding  was  visualized  with  Alexa 
Fluor-conjugated  goat  antirabbit  (Molecular  Probes)  that  was 
diluted  at  1:600  in  PBS.  Digital  images  were  captured  with  a 
Zeiss  Axiovrt/Quantix  CCD  camera. 

Electron  microscopy 

Neuronal  cultures  treated  with  CPT  at  DIV5  and  DIV25 
were  used  for  EM.  Media  were  removed  and  the  neuronal 
cultures  were  washed  briefly  with  PBS,  and  the  cells  were  fixed 
with  1%  glutaraldehyde  in  PBS  for  1  hour.  Cells  were  pro¬ 
cessed  for  conventional  EM  directly  in  culture  plates.  Plastic- 
embedded  neurons  were  removed  from  the  culture  plates  as 
large  blocks  that  were  cut  into  pieces.  Plastic  blocks  containing 
neurons  were  trimmed  and  sectioned  for  EM. 


RESULTS 

Mouse  cortical  neuron  cultures  mature  and  remain 
viable  for  the  long-term 

To  study  the  effects  of  DNA  damage  on  neurons  at 
different  stages  of  maturity,  we  used  a  long-term  culture 
system  of  mouse  cortical  neurons  that  were  maintained 
in  an  extremely  viable  state  (Fig.  1).  At  DIV5  cortical 
neurons  are  bipolar  with  prominent  neurites  (Figs.  1A 
and  ID).  At  DIV25,  cortical  neurons  are  large  and  are 
embedded  within  a  dense  plexus  of  axons  and  dendrites 
that  form  numerous  synaptic  junctions  (Figs.  IB,  IE,  and 
IF).  The  neurons  have  abundant  polyribosomes  distrib¬ 
uted  throughout  the  cytoplasmic  matrix,  intact  arrays  of 
rough  endoplasmic  reticulum  and  Golgi  stacks,  and  uni¬ 
formly  shaped  mitochondria  with  intact  cristae.  The 
nucleus  has  a  predominantly  pale  matrix  and  is  sur¬ 
rounded  by  a  continuous,  bilaminar  nuclear  membrane. 
The  structural  viability  was  well  preserved  in  old  DIV60 
neurons  (Fig.  1C). 


./  Ccrcb  Mood  l- low  Met  ah,  Vol.  22,  No.  H,  2002 


C.  LESUISSE  AND  L.  J.  MARTIN 


931 S’ 


FIG.  1.  Mouse  cortical  neurons  mature 
and  can  remain  viable  over  the  long  term 
in  culture.  (A-C)  Light  microscopy  shows 
the  progressive  elaboration  of  the 
dendritic/axonal  plexus  of  cortical  neu¬ 
rons  in  culture  from  DIV5  (days  in  vitro:  5) 
(A)  to  DIV25  (B),  and  then  DIV60  (C).  (D- 
F)  Electron  microscopy  shows  the  change 
in  neurons  from  a  bipolar  morphology  at 
DIV5  (D)  to  pyramidal  cell-like  cortical 
neuron  morphology  at  DIV25  (E).  The 
synaptodendritic  compartment  undergoes 
considerable  maturation  between  DIV5 
and  DIV25  (see  Fig.  2  for  levels  of  gluta¬ 
mate  receptors  and  synaptic  proteins).  At 
DIV25,  the  synaptodendritic  structure  is 
well  developed  (F),  as  evidenced  by  nu¬ 
merous  axodendritic  synaptic  junctions 
(arrows). 


To  characterize  the  molecular  viability  of  this  long¬ 
term  neuronal  culture  system,  we  evaluated  the  expres¬ 
sion  of  glutamate  receptors,  synaptic  proteins,  and  apop¬ 
tosis-regulating  proteins  (Fig.  2).  Total  protein  extracts 
from  mouse  cortical  cultures  at  DIV5,  10,  15,  20,  25,  30, 
40,  and  60  were  analyzed  by  immunoblotting.  Expres¬ 
sion  of  the  NMDA  receptor  subunit  NR1  and  the  AMPA 
receptor  subunits  GluR2/GluR3  was  already  detectable 
~~by  DIV5  (Fig.  2A).  Glutamate  receptor  levels  increased 
to  a  maximum  by  DIV10-15  and  then  remained  un¬ 
changed  through  DIV60.  The  levels  of  synaptic  proteins 
(synaptophysin,  a-synuclein,  and  0-synuclein)  were  very 
low  at  DIV5  (detectable  only  after  prolonged  exposure  to 
film,  data  not  shown).  By  DIVIO,  the  expression  of  these 
synaptic  proteins  was  detectable  with  short  exposure 
(Fig.  2A).  Synaptophysin,  a-synuclein,  and  (3-synuclein 
reached  highest  levels  at  about  DIV15-20  and  DIV25, 
respectively.  As  a  metabolic  marker,  GAPDH  (a  glyco¬ 
lytic  protein)  was  analyzed.  The  level  of  GAPDH  peaked 
at  approximately  DIV25  and  remained  unchanged  until 
after  DIV40,  and  by  DIV60  had  decreased  less  than  30% 
(Fig.  2A).  The  high  level  of  expression  of  NMDA  and 
non-NMDA  glutamate  receptors,  synaptic  proteins,  and 
metabolic  enzyme  suggests  that  our  mouse  cortical  neu¬ 
ron  culture  remains  viable  over  the  long-term  (60  days 
in  culture). 

Several  proteins  that  function  in  cell  death  or  survival 
were  evaluated  during  the  maturation  of  cortical  neuron 
cultures  from  DIV5  to  DIV60.  These  experiments  pro¬ 
vided  important  normative  data  because  these  proteins 
were  also  evaluated  during  CPT-induced  apoptosis.  The 
p53  in  mouse  cortical  cultures  was  resolved  as  multiple 
immunoreactive  bands  at  approximately  53  kd  (Fig.  2B), 
consistent  with  phosphorylated  and  dephosphorylated 
forms  of  p53  (Levine,  1997).  These  immunoreactive  pro¬ 
teins  had  mobilities  similar  to  purified  recombinant  p53 
(data  not  shown).  The  levels  of  apparent  phosphorylated 


and  dephosphorylated  forms  of  p53  reached  a  maximum 
in  expression  at  approximately  DIV10-15,  after  which 
cortical  neurons  downregulated  p53.  Procaspase-3  was 
highly  expressed  by  DIV5-10,  decreased  by  more  than 
50%  by  DIV15,  and  was  expressed  at  low  levels  after 
DIV20.  PARP  levels  peaked  at  DIV5,  and  by  DIVIO  had 
declined  by  more  than  90%.  Inactivation  cleavage  prod¬ 
ucts  of  PARP  (85  kd)  were  low  under  normal  culture 
conditions.  Bak  expression  increased  threefold  to  four¬ 
fold  between  DIV5  and  DIV15,  and  after  DIV30  Bak 
decreased  slightly  (less  than  50%).  In  contrast,  the  level 
of  expression  of  its  homologue  protein,  Bax,  was  very 
high  at  DIV5  and  DIVIO  and  then  decreased  progres¬ 
sively  to  low  levels  at  DIV60.  The  level  of  expression  of 
the  antiapoptotic  protein  Bcl-x,  did  not  change  signifi¬ 
cantly  during  the  60  days  in  culture,  while  Bcl-2  expres¬ 
sion  increased  fivefold  to  10-fold  between  DIV5  and 
DIV25  and  remained  high  through  DIV60. 

Erk42  levels  increased  threefold  to  fivefold  from 
DIV5  to  DIVIO  and  remained  unchanged  through  DIV60 
(Fig.  2C).  Erk44  was  only  weakly  detectable  from  DIV5 
to  DIV60.  Erk54  protein  expression  was  high  at  DIV5, 
and  levels  decreased  slightly  over  the  60  days  in  culture. 

The  progression  of  apoptosis  is  different  in 
immature  and  mature  cortical  neurons 

Internucleosomal  fragmentation  of  DNA  was  used  as 
an  assay  for  apoptosis  in  cortical  neuron  cultures  treated 
with  1,  10,  or  100  fjimol/L  CPT  for  4,  8,  24,  48,  or  72 
hours.  Camptothecin  induced  internucleosomal  DNA 
fragmentation  in  neuronal  cultures  treated  at  DIV5  and 
DIV30.  The  timing  and  magnitude  of  DNA  fragmenta¬ 
tion  were  different  in  immature  and  mature  neurons  (Fig. 
3 A).  The  DIV5  neurons  showed  DNA  fragmentation  af¬ 
ter  24  hours  of  CPT  treatment.  With  24  and  48  hours  of 
treatment,  long  exposures  were  necessary  to  visualize  a 
ladder  (compare  the  DNA  markers  in  both  gels  in  Fig. 
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Electron  microscopy  confirmed  that  mouse  cortical 
cultures  treated  with  CPT  at  DIV5  and  DIV30  were  mor¬ 
phologically  apoptotic  (Figs.  3B  and  3C).  The  morphol¬ 
ogy  of  the  chromatin  condensation  was  different  at  the 
two  ages.  The  nuclear  morphology  in  the  majority  of 
apoptotic  DIV5  neurons  was  similar  to  classical  apopto¬ 
sis  with  the  formation  of  uniformly  round  chromatin 
masses  (Martin  et  al.,  1998).  Apoptosis  in  DIV30  neu¬ 
rons  was  different  because  large,  irregularly  shaped  chro¬ 
matin  masses  were  formed. 

Caspase-3  cleavage  is  different  in  immature 
and  mature  neurons  undergoing 
camptothecin-induced  apoptosis 

Caspase-3  was  evaluated  in  subcellular  fractions  of 
control  neurons  and  CPT-treated  neurons  (Fig.  4).  The 
purity  of  the  fractions  generated  by  the  subcellular  frac¬ 
tionation  method  has  been  confirmed  (Martin,  1999, 
2001;  Fig.  8).  Caspase-3  proenzyme  levels  were  very 
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FIG.  2.  Molecular  maturation  of  mouse  cortical  neurons  in  cul¬ 
ture.  The  maturation  and  sustained  viability  of  this  long-term  neu¬ 
ronal  culture  system  were  evaluated  by  the  expression  of  gluta¬ 
mate  receptors,  synaptic  proteins,  and  apoptosis-regulating 
proteins.  For  dendritic,  synaptic,  and  metabolic  maturation,  NRI, 
GluR2/GluR3,  synaptophysin,  a/p-synucleins,  and  GAPDH  (a 
glycolytic  protein)  were  evaluated  (A).  Several  cell  death/survival 
proteins  were  evaluated  (B),  including  p53,  procaspase  3,  poly- 
ADP  ribose  polymerase  (PARP),  Bak,  Bax,  Bcl-xL,  Bcl-2,  and 
extracellular  signal-regulated  kinase  (Erk)-54  and  Erk44/42  (C). 
Total  proteins  were  extracted  from  neuronal  cultures  at  DIV5 
(days  in  vitro:  5),  10,  15,  20,  25,  30,  40  and  60.  Samples  (20  pg 
protein)  were  fractionated  on  gradient  SDS-PAGE  (4-20%  gels), 
transferred  to  nitrocellulose  membranes,  and  then  probed  suc¬ 
cessively  or  in  combination  with  specific  monoclonal  or  polyclonal 
antibodies  (see  Materials  and  Methods).  These  results  were  re¬ 
produced  in  two  different  platings  and  at  least  three  different 
immunoblots  per  antibody. 


3A).  In  contrast,  DIV30  neurons  treated  with  the  same 
concentrations  of  CPT  showed  prominent  internucleoso- 
mal  DNA  fragmentation  at  8  hours  of  treatment,  with  a 
peak  at  approximately  24  hours  of  treatment  (Fig.  3A). 
Results  of  gel  electrophoresis  suggested  that  concentra¬ 
tions  of  CPT  ranging  from  1  to  100  p-moI/L  did  not  seem 
to  influence  significantly  the  magnitude  of  internucleo- 
somal  fragmentation  of  DNA  degradation  in  cultures  of 
different  ages.  However,  light  microscopy  revealed  that 
100  punol/L  CPT  appeared  to  induce  a  more  robust  and 
reliable  apoptotic  response  than  the  lower  CPT  concen¬ 
trations  in  neurons  of  different  ages  (data  not  shown). 
Therefore,  subsequent  toxicologic  experiments  were 
done  using  100  p,mol/L  CPT. 
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FIG.  3.  The  emergence  of  DNA  fragmentation  and  chromatin 
condensation  is  different  in  immature  and  mature  cortical  neu¬ 
rons  treated  with  camptothecin  (CPT).  (A)  Internucleosomal  frag¬ 
mentation  of  DNA  occurs  earlier  and  more  strongly  in  cortical 
neurons  at  DIV30  (days  in  vitro:  30)  exposed  to  CPT  compared 
with  DIV5  neurons  treated  similarly.  Neurons  were  exposed  to 
vehicle  (1)  or  to  1  pmol/L  (2),  10  pmol/L  (3),  or  100  pmol/L  (4) 
CPT  for  4,  8,  24,  48,  or  72  hours.  DNA  was  extracted  from  neu¬ 
ronal  cultures  and  separated  on  conventional  agarose  gels  (1 .5% 
w/v).  DNA  molecular  weight  markers  are  shown  in  the  far  right 
lane  of  each  gel.  Note  that  gels  with  DNA  extracts  of  cultures 
treated  with  CPT  for  48  and  72  hours  required  long  exposures 
(see  overexposed  DNA  standards)  to  visualize  the  ladder.  These 
results  were  reproduced  in  three  different  platings  and  at  least 
three  different  gels.  (B  and  C)  Electron  microscopic  confirmation 
of  the  apoptosis  induced  by  CPT  in  DIV5  neurons  (B)  and  DIV30 
neurons  (C).  The  chromatin  is  condensed  into  large  round 
masses  (B)  or  large  irregular  masses  (C). 
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FIG.  4.  Caspase-3  cleavage  is  different  in  immature  and  mature  cortical  neurons  undergoing  camptothecin  (CPT)-induced  apoptosis. 
(A-C)  DIV5  (days  in  vitro :  5)  and  DIV30  mouse  cortical  neurons  were  treated  with  vehicle  (control,  C)  or  with  100  pmol/L  CPT  for  4,  8, 
or  24  hours  (1 8  wells  per  treatment)  and  collected  for  subcellular  fractionation  into  nuclear  (A),  pellet  (B),  and  soluble  (C)  fractions.  In  DIV5 
neurons,  but  not  in  DIV30  neurons,  cleaved  caspase-3  accumulated  progressively  in  nuclear  fractions  as  revealed  by  the  formation  of  a 
17-kd  cleavage  product  (A).  Although  a  low  constitutive  level  of  cleaved  caspase-3  was  detected  in  DIV30  neurons,  this  level  did  not 
change  during  apoptosis  (A).  There  was  a  coinciding  degradation  of  poly-ADP  ribose  polymerase  (PARP)  with  the  formation  of  an  85-kd 
fragment  in  both  DIV5  neurons  (short  exposure  of  blot)  and  DIV30  neurons  (long  exposure  of  blot),  indicating  activation  of  caspase  (A). 
In  pellet  fractions  of  DIV5  neurons  exposed  to  CPT  (B)  cleaved  caspase-3  accumulated  as  proenzyme  levels  decreased.  Major  changes 
in  proenzyme  and  cleaved  caspase-3  were  not  detected  in  pellet  fractions  of  DIV30  neurons.  In  soluble  fractions  of  DIV5  neurons, 
caspase-3  proenzyme  level  decreased  but  cleaved  caspase-3  was  undetectable;  in  contrast,  low  constitutive  levels  of  proenzyme  were 
found  in  DIV30  neurons  and  no  changes  were  observed.  These  results  were  reproduced  in  three  different  platings  and  at  least  three 
different  immunoblots  per  antibody.  (0)  Immunolocalization  of  cleaved  caspase-3  in  immature  and  mature  cortical  neurons  undergoing 
apoptosis.  Mouse  cortical  neurons  were  cultured  on  glass  slides.  At  DIV5  (1  and  3)  or  DIV30  (2,  4,  and  5)  cells  were  exposed  to  vehicle 
(1  and  2)  or  CPT  for  24  hours  (3  and  5)  or  8  hours  (4).  Cleaved  caspase-3  was  localized  (green  staining)  with  a  specific  antibody  (D175) 
selective  for  a  cleaved  product  of  approximately  1 7  to  20  kd.  Cells  were  counterstained  with  a  blue  nuclear  dye  (Hoechst  33258)  to  show 
normal  and  apoptotic  nuclei.  In  control  neurons,  cleaved  caspase-3  immunoreactivity  was  detected  in  few  cells  at  DIV5  (1)  and  DIV30  (2). 
In  contrast,  strong  staining  for  cleaved  caspase-3  (green  labeling)  was  detected  in  both  DIV5  and  DIV30  neurons  treated  with  CPT. 
Apoptosis  is  evident  by  the  nuclear  condensation.  In  CPT-treated  DIV5  neurons  at  24  hours,  cleaved  caspase-3  accumulated  in  the 
perikaryal  cytoplasm  and  in  processes  (3).  The  CPT-treated  DIV30  neurons  showed  prominent  accumulation  of  cleaved  caspase-3  in 
apoptotic  nuclei  and  nuclear  debris  at  24  hours  (5).  At  earlier  time  points  (8  hours),  the  CPT-treated  DIV30  neurons  showed  striking 
accumulation  of  cleaved  caspase-3  in  the  cell  body  and  nucleus  of  apoptotic  neurons  (4).  (E)  Cleaved  caspase-3  in  neurons  interacts  with 
many  proteins.  Cortical  neurons  (DIV5)  were  stimulated  to  undergo  apoptosis,  proteins  were  crosslinked,  cells  were  lysed,  and  cleaved 
caspase-3  was  immunoprecipitated.  Immunoprecipitates  were  fractionated  by  SDS-PAGE  with  (+)  or  without  (-)  p-mercaptoethanol  to 
cleave  thiol-crosslinked  proteins,  transferred  to  nitrocellulose,  and  blotted  for  cleaved  caspase-3.  Many  proteins  between  17  and  40  kd 
bind  to  cleaved  caspase-3. 


Activated  caspase  3  ■ 

■ 

Pro -caspase-3  H 


different  in  total  extracts  of  developing  and  mature  neu¬ 
ronal  cultures  (Fig.  2B).  Caspase-3  proenzyme  was 
found  in  nuclear,  pellet,  and  soluble  protein  fractions 
(Figs.  4A  to  4C).  The  DIV5  cortical  neurons  had  higher 


levels  of  proenzyme  in  nuclear  (Fig.  4A),  pellet  (Fig. 
4B),  and  soluble  (Fig.  4C)  fractions  than  DIV30  neurons. 
In  control  DIV30  neurons,  full-length  caspase-3  was 
highest  in  the  nuclear  fraction  (Fig.  4A).  After  exposure 
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to  CPT,  proenzyme  levels  were  decreased  at  24  hours  in 
DIV5  neuron-soluble  (Fig.  4C)  and  pellet  (Fig.  4B)  frac¬ 
tions,  but  were  unchanged  in  nuclear  (Fig.  4A)  fractions. 
In  CPT-treated  DIV30  neurons,  caspase-3  proenzyme 
levels  were  increased  modestly  in  nuclear  fractions  (Fig. 
4A)  but  were  unchanged  in  pellet  and  soluble  fractions 
(Figs.  4A  and  4B). 

Cleaved  caspase-3  was  evaluated  in  subcellular  frac¬ 
tions  of  control  neurons  and  CPT-treated  neurons  (Fig. 
4).  In  control  neurons,  cleaved  caspase-3  was  found 
primarily  in  the  nuclear  fraction  with  two  different  anti¬ 
bodies  (Figs.  4A  and  4B).  Control  neurons  at  DIV5 
and  DIV30  had  similar  low  levels  of  constitutively 
cleaved  caspase-3  in  nuclear  fractions.  In  DIV5  neurons 
exposed  to  CPT,  the  levels  of  cleaved  caspase-3  subunits 
(17-19  kd)  progressively  increased  in  nuclear  fractions 
between  4  and  24  hours  (Fig.  4A),  and  abruptly  increased 
between  8  and  24  hours  in  pellet  fractions  (Fig.  4B).  In 
contrast,  the  levels  of  cleaved  caspase-3  did  not  change 
in  nuclear  and  pellet  fractions  of  DIV30  neurons  after 
CPT  treatment. 

Cortical  neurons  were  examined  for  cleaved  caspase-3 
using  immunocytochemistry.  Cleaved  caspase-3  immu- 
noreactivity  (detected  with  D175  antibody)  was  rarely 
observed  in  control  cells,  but  was  seen  infrequently  in 
isolated  apoptotic  cells  in  control  cultures  at  DIV5  and 
DIV30  (Figs.  4D1,  2).  After  CPT  exposure,  DIV5  and 
DIV30  neurons  showed  different  immunolocalization 
patterns  for  cleaved  caspase-3.  In  DIV5  neurons  with 
24-hour  CPT  exposure,  cleaved  caspase-3  was  observed 
in  the  perikaryal  cytoplasm  and  nucleus  and  in  neuronal 
processes  in  the  surrounding  matrix  (Fig.  4D3).  In 
DIV30  neurons  with  8-hour  CPT  exposure,  cleaved 
caspase-3  immunoreactivity  was  prominent  in  the  peri¬ 
karyal  cytoplasm  and  nucleus  (Fig.  4D4),  and  with  24- 
hour  CPT  exposure  cleaved  caspase-3  was  localized  to 
cellular  debris  of  apoptotic  neurons  (Fig.  4D5).  Apop¬ 
totic  cells  incubated  with  secondary  antibody  without 
prior  treatment  with  cleaved  caspase-3  antibody  did  not 
show  labeling  (data  not  shown). 

Immunofluorescence  due  to  nonspecific  secondary 
antibody  binding  to  degenerating  neurons  in  vitro  has 
not  been  observed  with  the  concentration  used  in  the 
present  study  (Lesuisse  and  Martin,  2002).  Similar  pat¬ 
terns  of  specific  labeling  for  cleaved  caspase-3  have  been 
Seen  in  apoptotic  striatal  neurons  in  vivo  (Lok  and  Mar¬ 
tin,  2002)  and  apoptotic  thalamic  neurons  in  vivo  (Natale 
et  al.,  2002). 

The  levels  of  PARP  were  examined  by  immunoblot- 
ting  because  this  DNA  repair  enzyme  is  cleaved  and 
inactivated  by  active  caspase-3  (Lazebnik  et  al.,  1994). 
The  levels  of  intact  PARP  are  much  higher  in  DIV5 
neurons  compared  with  DIV30  neurons.  PARP  was  in¬ 
activated  in  CPT-treated  DIV5  and  DIV30  neurons,  as 
seen  by  the  formation  of  an  85-kd  cleavage  product  (Fig. 


4A),  indicating  the  activation  of  caspase-3.  The  cleavage 
of  PARP  occurred  earlier  in  DIV30  neurons  compared 
with  DIV5  neurons. 

Cleaved  caspase-3  interacts  with  many  proteins 

To  understand  the  seemingly  discrepant  immunoblot- 
ting  and  immunolocalization  results  on  cleaved 
caspase-3  during  CPT-induced  apoptosis,  we  hypoth¬ 
esized  that  cleaved  caspase-3  forms  complexes  with 
other  proteins  that  could  serve  as  a  pool  of  constitutively 
cleaved,  inactive  caspase-3.  The  DSP  crosslinking  and 
immunoprecipitation  showed  that  cleaved  caspase-3  in 
cortical  neurons  binds  many  proteins  of  different  sizes 
(Fig.  4E,  right  lane).  As  a  negative  control,  protein  in¬ 
teractions  involving  cleaved  caspase-3  were  reversed  by 
P-mercaptoethanol,  resulting  in  a  single  major  17-kd 
band  of  cleaved  caspase-3  (Fig.  4E,  left  lane). 

Mitogen-activated  protein  kinase  signaling  is 
different  in  immature  and  mature  cortical  neurons 
during  camptothecin-induced  apoptosis 

Components  of  the  MAP  kinase  pathway  were  evalu¬ 
ated  in  subcellular  fractions  of  control  and  CPT-treated 
D1V5  and  DIV30  neurons.  In  control  neurons,  Erk54  was 
higher  in  nuclear  fractions  of  mature  neurons,  but  Erk54 
was  higher  in  the  pellet  and  soluble  fractions  of  imma¬ 
ture  neurons  (Fig.  5A).  Changes  in  Erk  after  CPT  treat¬ 
ment  were  different  in  neuronal  cultures  at  different  ages. 
In  DIV5  neuron  nuclei,  Erk54  levels  were  increased  ap¬ 
proximately  fivefold  after  24  hours  of  CPT  exposure, 
whereas  in  DIV30  neuron  nuclei  only  a  1.5-fold  increase 
in  Erk54  occurred  after  24-hour  CPT  exposure  (Fig.  5A). 
Erk54  levels  in  the  pellet  fraction  increased  slightly  (< 
50%)  in  DIV5  neurons  after  24-hour  exposure  to  CPT, 
but  no  change  occurred  in  DIV30  neurons  (Fig.  5A). 
Erk54  levels  in  the  soluble  compartment  decreased  by 
more  than  50%  in  DIV5  neurons  between  8  and  24  hours 
of  CPT  treatment,  but  Erk54  levels  did  not  change  in 
soluble  fractions  of  DIV30  neurons  (Fig.  5A). 

Erk42/44  levels  in  nuclear,  pellet,  and  soluble  frac¬ 
tions  were  lower  in  DIV5  neurons  compared  with  DIV30 
neurons  (Fig.  5A).  Total  Erk42/44  levels  in  DIV5  and 
DIV30  neurons  during  CPT-induced  apoptosis  did  not 
change  in  the  different  subcellular  fractions,  except  for  a 
loss  in  the  soluble  fraction  of  DIV5  neurons  at  24  hours 
(Fig.  5A). 

Active  Erk  levels  were  different  in  immature  and  ma¬ 
ture  control  neurons  and  in  neurons  responding  to  DNA 
damage.  Phosphorylated  Erk42/44  was  not  detected  in 
the  different  subcellular  fractions  of  control  DIV5  neu¬ 
rons,  and  no  phosphorylation  of  Erk42/44  occurred  in 
DIV5  neurons  after  CPT  exposure  (data  not  shown).  In 
contrast,  phospho-Erk  was  detected  in  control  DIV30 
neurons  (Fig.  5B).  Activated  Erk42  levels  were  generally 
higher  than  activated  Erk44  levels  in  nuclear,  soluble, 
and  pellet  fractions.  The  pellet  fraction  had  the  highest 
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level  of  activated  Erk42  (Fig.  5B).  Phospho-Erk42/44 
levels  in  nuclear  and  soluble  fractions  increased  dramati¬ 
cally  (>  10-fold  for  soluble  Erk44)  after  CPT  after  4 
hours  of  treatment  (Fig.  5B)  and  remained  high  until  8 
hours  of  treatment,  after  which  levels  decreased.  Acti¬ 
vated  Erk42/44  levels  in  the  pellet  fraction  were  approxi¬ 
mately  double  control  levels  at  4  and  8  hours  (Fig.  5B). 

A  reversible  caspase-3  inhibitor  blocks  apoptosis  in 
immature  neurons  and  MEK  inhibition  blocks 
apoptosis  in  immature  and  mature  neurons 

Caspase-3  is  activated  in  cortical  neurons  undergoing 
CPT-induced  apoptosis,  based  on  immunoblotting  or  im- 
munolocalization  for  cleaved  caspase-3  and  on  PARP 
cleavage.  Furthermore,  Erk42/44  is  activated  promi¬ 
nently  in  DIV30  neurons,  but  not  in  DIV5  neurons.  To 
determine  whether  these  pathways  are  participating  in 
the  mechanisms  of  apoptosis  in  cortical  neurons  induced 
by  CPT,  cells  were  treated  either  with  inhibitors  of 


caspase-3  or  with  MEK.  Caspase-3  inhibition  blocked 
CPT-induced  apoptosis  in  DIV5  but  not  DIV25  cortical 
neurons  (Fig.  6).  The  MEK  1/2  inhibitor  U0126  blocked 
apoptosis  in  both  DIV5  and  DIV25  cortical  neurons  (Fig. 
6).  The  neuroprotection  was  more  dramatic  in  DIV5  neu¬ 
rons.  In  control  cells  not  exposed  to  CPT,  U0126  induced 
apoptosis  in  DIV25  neurons  but  not  in  DIV5  neurons 
(Fig.  6). 

We  evaluated  if  the  antiapoptotic  effects  of  U0126 
were  associated  with  a  blockade  of  alterations  in  the 
MAP  kinase  pathway  in  CPT-treated  neurons  (Fig.  7).  In 
CPT-treated  DIV5  neurons,  U0126  blocked  the  subcel- 
lular  translocation  of  Erk54  from  soluble  to  nuclear  com¬ 
partments  and  the  nuclear  accumulation  of  cleaved 
caspase-3  (Fig.  7A).  Evidence  for  Erk42/44  activation 
and  translocation  in  DIV5  neurons  during  apoptosis  was 
not  observed  (Fig.  5A);  thus,  these  events  were  not  stud¬ 
ied  in  cells  treated  with  CPT  and  U0126.  In  CPT-treated 
DIV25  neurons,  U0126  blocked  the  activation  of 
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determine  the  percentages  of  apop- 

totic  neurons.  The  values  are  mean  ±  SD.  Results  shown  are  from  experiments  using  inhibitors  at  100-pmol/L  concentrations.  Similar 
results  were  obtained  using  inhibitors  at  10-pmol/L  concentrations.  These  results  were  reproduced  in  three  different  platings.  In  DIV5 
neurons,  CPT  induced  significant  (**P  <  0.001)  apoptosis  compared  with  the  control.  The  U0126  and  caspase-3  inhibitor  significantly 
(#P  <  0.001)  attenuated  the  CPT-induced  apoptosis  in  DIV5  neurons.  In  DIV25  neurons,  CPT  induced  significant  (**P  <  0.01)  apoptosis 
compared  with  the  control.  U0126  significantly  (#P<  0.05)  attenuated  the  CPT-induced  apoptosis  in  DIV25  neurons.  In  DIV25  neurons 
not  exposed  to  CPT,  U0126  caused  a  significant  (*P<  0.05)  induction  of  apoptosis  compared  with  the  control.  MEK,  MAP  kinase  kinase. 
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FIG.  7.  Different  components  of  the  MAP  kinase  pathway  are  activated  in  immature  and  mature  cortical  neurons  undergoing  apoptosis 
and  are  blocked  by  an  inhibitor  of  MEK  (U0126).  (A)  DIV5  (days  in  vitro:  5)  cortical  neurons  were  treated  with  vehicle  (0)  or  camptothecin 
(CPT)  for  24  hours  with  or  without  pretreatment  with  U0126.  Erk54  translocation  to  the  nucleus  and  caspase-3  cleavage  during  CPT- 
induced  apoptosis  are  blocked  by  U0126.  (B)  DIV25  cortical  neurons  were  treated  with  vehicle  (0)  or  CPT  for  4,  8,  15,  and  24  hours  with 
(+)  or  without  (-)  pretreatment  with  U0126.  The  activation  of  Erk42/44  during  CPT-induced  apoptosis  is  blocked  by  U0126.  (C)  DIV5 
cortical  neurons  were  treated  with  vehicle  (0)  or  CPT  for  4,  8,  15,  and  24  hours  with  (+)  or  without  (-)  pretreatment  with  U0126.  MEKK1 
is  cleaved  into  putative  apoptotic  fragments  (95  kd)  during  CPT-induced  apoptosis.  There  is  a  corresponding  loss  of  full-length  (prosur¬ 
vival)  MEKK1  (196  kd).  Cleaved  MEKK1  is  present  at  15  hours  with  further  accumulation  at  24  hours.  Significant  accumulation  of  cleaved 
caspase-3  (lower  blot)  coincided  with  MEKK1  cleavage,  consistent  with  a  positive-feedback  loop  (Cardone  et  al.,  1997).  U0126  blocks 
the  cleavage  of  MEKK1  and  caspase-3.  (D)  DIV25  (days  in  vitro :  25)  cortical  neurons  were  treated  with  vehicle  (0)  or  CPT  for  4,  8,  15, 
and  24  hours  with  (+)  or  without  (-)  pretreatment  with  U0126.  Cleaved  MEKK1  is  constitutively  present  in  mature  neurons,  and  levels  do 
not  change  during  apoptosis.  In  neurons  treated  with  CPT  alone,  there  is  a  loss  of  full-length  MEKK1  (196  kd),  and  U0126  in  combination 
with  CPT  further  promotes  the  loss  of  full-length  MEKK1.  These  results  were  reproduced  in  three  different  platings.  Erk,  extracellular 
signal-regulated  kinase;  MAP,  mitogen-activated  protein;  MEK,  MAP  kinase  kinase;  MEKK1,  MAP  kinase  kinase  kinase-1. 


Erk42/44  early  in  the  process  of  apoptosis,  and  this  block 
in  Erk42/44  activation  was  sustained  (Fig.  7B). 

The  MAP  kinase  pathway  can  function  in  DNA  dam¬ 
age-induced  apoptosis  through  MEKK1  in  nonneuronal 
cells.  Full-length  MEKK1  (-160  to  197  kd)  promotes 
cell  survival,  whereas  cleaved  MEKK1  (-72  to  95  kd) 
promotes  apoptosis  (Cardone  et  al.,  1997;  Widmann  et 
al.,  1998).  Caspase-3  generates  MEKKI  C-terminal  frag¬ 
ments  that  have  constitutively  active  proapoptotic  kinase 
activity  (Cardone  et  al.,  1997).  We  examined  the  levels 
of  full-length  MEKKI  and  putative  proapoptotic 
MEKKI  fragments  in  nontreated  and  CPT-treated  corti¬ 
cal  neuron  cultures.  In  control  DIV5  neurons,  a  single 
major  immunoreactive  band  of  approximately  196  kd 
was  detected  (Fig.  7C),  corresponding  to  full-length 
MEKKI.  In  CPT-treated  neurons  at  4  and  8  hours,  only 
one  major  band  of  approximately  196  kd  was  still  de¬ 
tected,  and  the  levels  were  similar  to  control  (Fig.  7C).  In 
contrast,  in  CPT-treated  neurons  at  15  and  24  hours, 
several  cleavage  products  of  MEKKI  were  observed. 
MEKK I  cleavage  was  greater  at  24  hours  compared  with 


15  hours  (Fig.  7C).  These  cleavage  products  had  sizes 
(-70  to  95)  that  were  similar  to  the  reported  sizes  of  the 
active  kinase  fragments  of  MEKKI  that  induce  apoptosis 
(Cardone  et  al.,  1997).  The  detection  of  these  immuno¬ 
reactive  bands  with  the  MEKKI  antibody  was  blocked 
by  competition  with  a  synthetic  peptide  corresponding  to 
the  C-terminal  domain  of  MEKKI  (data  not  shown). 
There  was  an  inverse  relationship  between  the  levels 
of  MEKKI  fragments  and  full-length  MEKKI,  support¬ 
ing  the  conclusion  that  the  immunoreactive  proteins  at 
approximately  70  to  95  kd  are  derived  from  cleavage 
of  MEKKI  holoenzyme.  The  levels  of  full-length 
MEKKI  decreased  correspondingly  at  15  hours,  and 
were  very  low  at  24  hours,  at  a  time  when  the  level 
of  immunoreactive  MEKK  I  fragments  was  greatest  (Fig. 
7C).  The  formation  of  MEKKI  C-terminal  fragments 
coincided  with  the  formation  of  cleaved  caspase-3  in 
DIV5  neurons  (Fig.  7C,  lower  blot).  U0I26  blocked 
MEKKI  degradation  and  the  formation  of  the  putative 
proapoptotic  MEKKI  fragments  and  active  caspase-3  in 
immature  neurons  (Fig.  7C).  Mature  neurons  had  lower 
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levels  of  full-length  MEKKI  and  greater  amounts  of 
constitutively  cleaved  MEKKI  C-terminal  fragments 
compared  with  immature  neurons.  The  level  of  MEKKI 
fragments  at  approximately  70  to  95  kd  remained  un¬ 
changed  during  apoptosis  (Fig.  7D).  However,  the  level 
of  full-length  MEKKI  decreased  during  apoptosis  (Fig. 
7D).  Treatment  with  (JO  126  further  decreased  the  level 
of  full-length  MEKKI  in  CPT-exposed  mature  neurons 
(Fig.  7D). 


Day  5  Day  30 

◄ - ►  A - ► 

C  4  8  24  C  4  8  24 

Nuclei  *=  «  -- - •  - — 


Subcellular  levels  of  p53,  Bcl-2  family  members, 
and  synuclein  proteins  in  cortical  neurons  and 
changes  during  camptothecin-induced  apoptosis 

We  evaluated  p53  in  three  subcellular  fractions  of  cor¬ 
tical  neurons.  p53  was  detected  in  nuclear  and  pellet 
fractions  of  DIV5  and  DIV30  neurons,  but  was  not  pres¬ 
ent  in  soluble  fractions  of  DIV5  neurons  (Fig.  8).  Overall 
no  major  changes  in  the  levels  occurred  early  during 
apoptosis. 

The  levels  of  three  Bcl-2  family  members  were  evalu¬ 
ated  in  nuclear  fractions  of  cortical  neurons  (Fig.  8, 
nuclear).  Bak  and  Bcl-2,  but  not  Bax,  were  detected  in 
nuclear  fractions  of  mouse  cortical  neurons.  The  pres¬ 
ence  of  Bcl-2  in  the  nucleus  is  consistent  with  its  local¬ 
ization  to  the  nuclear  envelope  (Lithgow  et  al.,  1994),  but 
the  presence  of  Bak  in  the  nuclear  fraction  is  a  novel 
finding.  Both  Bak  and  Bcl-2  levels  were  higher  in  mature 
neurons  compared  with  immature  neurons.  The  level  of 
Bcl-2  in  DIV5  neurons  decreased  markedly  with  CPT 
for  24  hours,  but  Bcl-2  levels  did  not  change  in  CPT- 
treated  DIV30  neurons  (Fig.  8,  nuclei).  Bak  levels 
were  unchanged  in  apoptotic  DIV5  and  DIV30  neurons 
(Fig.  8,  nuclei). 

The  insoluble  pellet  fraction  of  mouse  cortical  neurons 
was  identified  as  the  mitochondrial-enriched  fraction 
based  on  the  high  level  of  Coxl  (Fig.  8,  pellet).  The 
mitochondrial  fraction  contained  Bax,  Bak,  Bcl-xL,  and 
Bcl-2,  consistent  with  the  localization  of  some  of  these 
proteins  in  mitochondrial  membranes  in  nonneuronal 
cells  (Lithgow  et  ah,  1994)  and  neurons  (Martin  and  Liu, 
2002).  Bak  and  Bcl-2  were  higher  in  mitochondrial  frac¬ 
tions  of  mature  neurons,  but  Bax  and  Bcl-xL  were  higher 
in  mitochondrial  fractions  of  immature  neurons.  A  dra¬ 
matic  loss  of  Coxl  in  DIV5  and  DIV30  neurons  with 
24-hour  exposure  to  CPT  showed  that  mitochondrial  in¬ 
tegrity  was  compromised  between  8  and  24  hours  during 
apoptosis  (Fig.  8,  pellet).  Electron  microscopy  confirmed 
the  degeneration  of  mitochondria  by  24  hours  of  treat¬ 
ment  (Figs.  3B  and  3C).  Late  changes  occurred  in  the 
levels  of  Bcl-2  family  members  in  the  mitochondrial- 
enriched  membrane  fraction  during  cortical  neuron  ap¬ 
optosis  (Fig.  8,  pellet).  In  DIV5  neurons  exposed  to  CPT, 
the  levels  of  Bax  and  Bak  decreased  dramatically  (> 
50%).  In  contrast,  in  DIV30  neurons,  Bax  and  Bak  levels 
did  not  change  conspicuously  during  apoptosis  (Fig.  8, 
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FIG.  8.  Subcellular  levels  of  p53,  Bcl-2  family  members,  and 
synuclein  proteins  during  camptothecin  (CPT)-induced  neuronal 
apoptosis.  DIV5  (days  in  vitro :  5)  and  DIV30  mouse  cortical  neu¬ 
rons  were  treated  with  vehicle  (control,  C)  or  with  100  pmol/L 
CPT  for  4,  8,  or  24  hours  (18  wells  per  treatment)  and  collected 
for  subcellular  fractionation  into  nuclear,  pellet,  and  soluble  frac¬ 
tions  and  subsequent  analysis  by  immunoblotting.  Nuclear  frac¬ 
tions  were  evaluated  for  p53,  Bak,  Bcl-2,  and  a-synuclein.  Mito¬ 
chondrial-enriched  pellet  fractions  were  analyzed  for  Coxl ,  p53, 
Bax,  Bak,  Bcl-xL,  Bcl-2,  and  a/p-synucleins.  The  mitochondrial 
enrichment  of  this  fraction  was  confirmed  by  the  high  levels  of 
Coxl.  Bax,  Bak,  Bd-xL,  and  Bcl-2  were  reduced  at  24  hours  in 
DIV5  neurons.  Bcl-2  was  lost  in  DIV30  neurons.  Soluble  fractions 
were  evaluated  for  p53,  Bax,  Bcl-xL,  and  a-synuclein.  p53  was 
not  detected  in  soluble  fractions.  DIV5  neurons  showed  loss  of 
Bax,  Bcl-xL  and  a-synuclein  at  24  hours.  DIV30  neurons  showed 
a  loss  of  Bax  and  Bcl-xL  at  24  hours.  These  results  were  repro¬ 
duced  in  three  different  platings  and  at  least  three  different  im- 
munoblots  per  antibody. 


pellet).  The  level  of  BcI-xL  decreased  by  more  than  50% 
in  DIV5  neurons  after  24  hours  of  treatment  with  CPT, 
but  remained  unchanged  in  DIV30  neurons  treated  simi¬ 
larly.  Bcl-2  levels  decreased  in  neurons  at  both  ages  be¬ 
tween  8  and  24  hours  of  treatment. 

In  the  soluble  fraction  of  control  cortical  neurons,  Bax 
and  Bcl-xL  were  detected,  but  Bak  and  Bcl-2  were  not 
detected  (Fig.  8,  soluble).  Bax  was  more  enriched  in 
soluble  fractions  of  neurons  at  DIV30  compared  with 
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DIV5  neurons.  Bax  levels  decreased  by  more  than  90% 
by  24  hours  of  CPT  treatment  at  both  ages.  The  level  of 
Bcl-xL  was  similar  in  control  cortical  neurons  at  DIV5 
and  DIV30,  and  decreased  by  more  than  50%  between  8 
and  24  hour  of  treatment  with  CPT. 

Synuclein  proteins  function  in  apoptosis  (Ostrerova 
et  ah,  1999).  Major  changes  in  their  levels  were  not 
detected  early  during  apoptosis  of  mouse  cortical  neu¬ 
rons  (Fig.  8;  nuclei,  pellet,  and  soluble  fractions).  More 
interesting  was  the  finding  of  differential  localization 
in  subcellular  fractions,  (3-synuclein  was  not  present 
in  nuclear  or  soluble  fractions  of  neurons  at  DIV5  and 
DIV30  or  in  the  pellet  fraction  of  DIV5  neurons;  how¬ 
ever,  (3-synuclein  was  present  selectively  in  the  pellet 
fraction  of  mature  neurons. 

DISCUSSION 

The  degeneration  of  neurons  in  vivo  induced  by  exci- 
totoxicity  and  axotomy-target  deprivation  appears  to  be 
influenced  by  CNS  maturity  (Martin,  2001;  Martin  et  ah, 
2001;  Natale  et  ah,  2002;  Portera-Cailliau  et  ah,  1997). 
Thus,  neuronal  death  might  be  different  in  immature  and 
mature  neurons.  Here,  we  tested  the  hypothesis  that  sig¬ 
naling  mechanisms  for  DNA  damaged-induced  apoptosis 
in  immature  and  mature  neurons  are  different.  We  found 
that  immature  and  mature  neurons  engage  different 
apoptotic  mechanisms  during  apoptosis  in  vitro.  To  clas¬ 
sify  the  cell  death  in  our  study  as  apoptosis,  we  used 
DNA  fragmentation  patterns,  morphology,  caspase-3  and 
MEKK1  cleavage,  and  sensitivity  to  caspase  inhibition. 
Caspase  and  MAP  kinase  pathways  have  different  con¬ 
tributions  to  CPT-induced  apoptosis  in  immature  and 
mature  cortical  neurons  in  vitro.  Apoptotic  immature  and 
mature  neurons  were  different  in  terms  of  structure  and 
fragmentation  of  DNA,  cleavage  of  caspase-3  and 
MEKK1,  nuclear  translocation  of  Erk54,  and  phosphor¬ 
ylation  of  Erk42/44  (Fig.  9).  A  caspase-3  inhibitor 
blocked  apoptosis  in  immature  neurons  but  not  in  mature 
neurons,  while  a  MEK  inhibitor  blocked  apoptosis  in 
neurons  at  both  ages.  These  results  show  for  the  first  time 
that  young  and  older  cortical  neurons  use  different  mo¬ 
lecular  mechanisms  for  apoptosis. 

Development  of  a  new  long-term  cell  culture  model 
to  study  apoptosis  in  neurons  at  different  ages 

To  evaluate  the  molecular  mechanisms  of  apoptosis  in 
neurons  at  different  ages,  a  healthy  long-term  neuronal 
culture  system  was  required.  We  established  a  long-term 
primary  neuronal  culture  system  using  mouse  cortical 
neurons  and  conducted  a  thorough  morphologic  and  bio¬ 
chemical  characterization  to  demonstrate  the  legitimacy 
of  this  neuronal  system.  Dendritic,  synaptic,  and  meta¬ 
bolic  markers  revealed  the  relative  immaturity  or  matu¬ 
rity  of  these  neurons.  These  cortical  neuron  cultures  un¬ 
dergo  robust  dendritic  maturation  as  shown  by  the 
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FIG.  9.  Diagram  contrasting  some  of  the  different  and  similar 
molecular  mechanisms  that  are  engaged  during  camptothecin 
(CPT)-induced  apoptosis  of  immature  and  mature  mouse  cortical 
neurons.  Erk,  extracellular  signal-regulated  kinase;  MAP,  mito¬ 
gen-activated  protein;  MEK,  MAP  kinase  kinase;  MEKK1,  MAP 
kinase  kinase  kinase-1;  PARP,  poly-ADP  ribose  polymerase. 

expression  of  NMDA  and  AMPA  receptors,  prominent 
synapse  formation  as  revealed  by  the  expression  of  syn- 
patophysin  and  synucleins,  and  metabolic  maturation  as 
shown  by  the  expression  of  the  glycolytic  enzyme 
GAPDH.  These  cells  remain  healthy  for  at  least  60  days, 
as  evidenced  by  a  sustained  expression  of  glutamate  re¬ 
ceptors,  synaptic  proteins,  Erk,  and  GAPDH.  Morpho¬ 
logic  assessments  by  light  microscopy  and  EM  con¬ 
firmed  the  maturation  and  sustained  viability  of  these 
neurons.  The  ability  to  maintain  these  cells  to  DIV60 
attests  to  the  healthy  condition  of  these  long-term  neu¬ 
ronal  cultures  and  strengthens  our  confidence  that  neu¬ 
ronal  cell  death  experiments  of  fully  mature  but  younger 
cultures  (e.g.,  DIV30  neurons)  will  be  representative  of 
initially  healthy  cells  that  are  undergoing  a  stress- 
induced  or  toxin-induced  death  process. 

We  used  CPT  to  induce  apoptosis  in  cortical  neurons 
at  different  stages  of  maturation.  A  DNA-damaging 
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agent  was  used  as  an  apoptotic  stimulus  because  DNA 
lesions  contribute  to  the  pathogenesis  of  CNS  injury  in 
children  and  adults  (Kohji  et  al„  1998;  Martin,  2001). 
Furthermore,  upper  cortical  motor  neuron  degeneration 
in  amyotrophic  lateral  sclerosis  is  a  form  of  apoptosis 
that  may  be  mediated  by  p53  mechanisms  triggered  by 
DNA  damage  (Martin,  2001).  The  induction  of  neuronal 
apoptosis  after  exposure  to  CPT  has  been  shown  previ¬ 
ously  (Morris  and  Geller,  1996;  Park  et  al.,  1997;  Stefa- 
nis  et  ah,  1999;  Xiang  et  ah,  1998).  In  nonneuronal  cells, 
this  poisoning  may  involve  the  stabilization  of  topoisom- 
erase-DNA  complexes  and  premature  termination  of 
transcription  (Bendixen  et  ah,  1990;  Hsiang  et  ah,  1985) 
as  well  as  the  formation  of  DNA  single-strand  breaks 
(Nieves-Neira  and  Pommier,  1999). 

The  progression  of  DNA  fragmentation  is  different 
in  immature  and  mature  neurons 
undergoing  apoptosis 

DNA  fragmentation  was  different  in  immature  and 
mature  cortical  neurons  undergoing  apoptosis.  Internu- 
cleosomal  fragmentation  of  DNA  occurred  earlier  and 
more  prominently  in  D1V30  neurons  than  in  DIV5  neu¬ 
rons  (Fig.  9).  The  differences  in  DNA  degradation  pat¬ 
terns  may  reflect  the  participation  of  different  endonucle¬ 
ases  in  the  death  of  immature  and  mature  neurons  or 
different  types  of  chromatin  degradation  early  during  ap¬ 
optosis.  Immature  neurons  may  generate  larger  frag¬ 
ments  (>  50  kb)  early  during  apoptosis  that  are  undetect¬ 
able  by  conventional  agarose  gel  electrophoresis 
(MacManus  et  ah,  1997).  Other  studies  have  shown  that 
apoptosis  can  occur  in  some  cells  without  internucleoso- 
mal  fragmentation  of  DNA  (Tomei  et  ah,  1993).  The 
finding  of  a  study  of  muscle  cells  that  intemucleosomal 
cleavage  of  DNA  during  apoptosis  varies  depending  on 
the  degree  of  differentiation  (Fimia  et  ah,  1996)  is  con¬ 
sistent  with  our  results.  Inactivation  of  the  DNA  repair 
enzyme  PARP  also  occurred  more  rapidly  in  older  neu¬ 
rons  compared  with  young  neurons.  It  is  interesting  that 
both  DNA  fragmentation  and  PARP  cleavage  were  ob¬ 
served  earlier  in  older  neurons,  despite  more  apoptosis  in 
CTP-treated  young  neurons.  The  explanation  for  this  ob¬ 
servation  is  uncertain  because  of  insufficient  information 
on  quantitative  relationships  between  the  fragmentation 
of  DNA  and  death  of  single  cells.  In  CTP-treated  neu¬ 
rons,  EM  revealed  that  the  morphology  of  the  chromatin 
condensation  into  discrete  aggregates  were  different  in 
immature  and  mature  neurons,  with  the  immature  neuron 
morphology  being  identical  to  that  found  in  classical 
apoptosis  (Martin  et  ah,  1998).  These  results  support  the 
conclusion  that  mechanisms  of  DNA  degradation  and 
condensation  are  different  in  young  and  mature  neurons. 
These  data  extend  earlier  structural  studies  suggesting 
that  the  apoptotic  process  is  different  in  immature  and 


mature  neurons  (Martin  et  ah,  1998;  Portera-Cailliau  et 
ah,  1997). 

Caspase-3  cleavage  is  more  prominent  in  immature 
neurons  than  in  mature  neurons  during  apoptosis 

The  processing  of  caspase-3  during  apoptosis  of  cor¬ 
tical  neurons  is  maturation  dependent.  Low  constitutive 
levels  of  cleaved  caspase-3  were  detected  by  immuno- 
blotting  in  control  and  CPT-treated  immature  and  mature 
neurons.  Caspase-3  cleavage  products  increased  dramati¬ 
cally  in  immature  neurons  but  not  in  mature  neurons 
undergoing  apoptosis.  Cleaved  caspase-3  accumulated  in 
nuclear  and  mitochondrial-enriched  fractions.  A  nuclear 
and  mitochondrial  translocation  of  cleaved  caspase-3  in 
apoptotic  immature  cortical  neurons  is  supported  by 
findings  in  apoptotic  nonneuronal  cells  in  vitro  (Zhivo- 
tovsky  et  ah,  1999)  and  in  striatal  neurons  undergoing 
excitotoxic  death  in  newborn  brain  (Lok  and  Martin, 
2002).  In  apoptotic  mature  cortical  neurons,  we  did  not 
find  increased  caspase-3  cleavage  products  in  immuno- 
blots  of  different  subcellular  fractions.  However,  immu- 
nolocalization  showed  a  prominent  presence  of  cleaved 
caspase-3  in  apoptotic  mature  neurons  that  was  not  seen 
in  control  neurons.  In  both  CPT-treated  immature  and 
mature  neurons,  PARP  was  inactivated,  indicating  acti¬ 
vation  of  caspases  (Lazebnik  et  ah,  1994).  It  is  therefore 
possible  that  apoptosis  of  mature  neurons  does  not  re¬ 
quire  formation  of  additional  caspase-3  subunits  via  pro¬ 
teolysis  of  proenzyme,  and  that  preexisting  low  levels  of 
cleaved  caspase-3  are  sufficient  to  execute  the  death  pro¬ 
cess.  The  rapid  and  robust  intemucleosomal  fragmenta¬ 
tion  of  DNA  and  the  early  PARP  inactivation  in  apop¬ 
totic  mature  neurons  (Fig.  9)  are  consistent  with  this 
possibility.  Constitutively  cleaved  caspase-3  may  be 
regulated  by  other  proteins  that  function  as  endogenous 
inhibitors  of  cleaved  caspase-3.  This  idea  is  in  part  sup¬ 
ported  by  our  crosslinking  results.  Some  of  these  proteins 
that  bind  cleaved  caspase-3  are  likely  to  be  substrates, 
but  some  could  be  negative  regulators.  In  unstressed  nor¬ 
mal  cells,  cleaved  caspase-3  might  interact  with  possible 
inhibitor  proteins  or  the  subunits  may  be  folded  or  as¬ 
sembled  as  inactive  enzyme.  This  could  explain  the  lack 
of  immunoreactivity  in  control  cells  because  the  epitope 
that  is  recognized  by  the  cleaved  caspase-3  antibody  is 
masked.  In  this  state,  constitutive  cleaved  caspase-3 
would  be  inactive  and  could  not  execute  the  apoptotic 
process.  Thus,  activation  of  caspase-3  in  mature  neurons 
may  occur  by  mechanisms  other  than  proteolytic  cleav¬ 
age  of  proenzyme.  It  is  also  possible  that  apoptosis  in 
young  and  older  neurons  has  varying  contributions  of 
caspase-3-independent  mechanisms. 

Immature  and  mature  neurons  were  different  in  their 
sensitivity  to  caspase-3  inhibitor.  A  reversible  caspase-3 
inhibitor  had  significant  antiapoptotic  actions  in  DIV5 
neurons  but  not  in  DIV30  neurons.  To  our  knowledge, 
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this  is  the  first  demonstration  of  antiapoptotic  actions  of 
a  reversible  caspase-3  inhibitor  in  neurons  (other  studies 
have  used  irreversible  inhibitors).  This  finding  suggests 
that  apoptosis  in  immature  neurons  may  be  caspase-3- 
dependent,  whereas  apoptosis  of  mature  neurons  is 
caspase-3-independent.  However,  the  robust  presence  of 
cleaved  caspase-3  observed  directly  in  apoptotic  mature 
neurons  and  the  PARP  cleavage  would  argue  against  this 
conclusion  or  in  favor  of  the  involvement  of  other 
caspases.  It  is  not  yet  evident  where  caspase  inhibitors 
act  in  intact  cells  to  inhibit  caspase  activity.  Inhibition  of 
caspase-3  may  occur  in  the  cytoplasm,  but  the  main  ac¬ 
tion  of  active  caspase-3  may  be  in  the  nucleus  in  mature 
neurons.  This  peptide  inhibitor  might  not  “see”  existing 
cleaved  caspase-3  in  the  nucleus.  Furthermore,  a  peptide 
that  is  a  reversible  caspase-3  inhibitor  would  have  to 
compete  with  endogenous  protein  inhibitors.  Alterna¬ 
tively,  caspases  other  than  caspase-3  may  be  activated  in 
apoptotic  cortical  neurons.  Different  types  of  caspase  in¬ 
hibitors  need  to  be  used  to  further  evaluate  the  role  of 
caspase-3  and  other  caspases  in  apoptosis  of  mature  cor¬ 
tical  neurons. 

Previous  studies  have  not  clearly  identified  the  role  of 
caspases  in  CPT-induced  apoptosis  of  immature  neurons. 
Others  have  reported  protection  against  CPT-induced  ap¬ 
optosis  with  100  p.mol/L  caspase-3  inhibitor  in  rat  em¬ 
bryonic  cortical  neurons  at  DIV1  (Stefanis  et  al.,  1999) 
and  mouse  telencephalic  neuron  cultures  at  DIV4 
(Johnson  et  ah,  1999).  Caspase  inhibition  partially  pro¬ 
tected  against  and  delayed  CPT-induced  apoptosis  in 
mouse  embryonic  cortical  neurons  at  DIV2  (Keramaris 
et  ah,  2000).  However,  other  experiments  have  failed  to 
block  CPT-induced  neuronal  apoptosis  with  caspase  in¬ 
hibitor  (Park  et  ah,  1997).  Moreover,  caspase-3  deletion 
in  caspase-3  7^  mice  appears  to  only  delay  the  neuronal 
death  by  24  hours  (Keramaris  et  ah,  2000).  We  found 
with  a  caspase-3  inhibitor  a  near  complete  block  of 
CPT-induced  apoptosis  of  immature  cortical  neurons  at 
24  hours. 

Mitogen-activated  protein  kinase  pathway 
participates  in  the  mechanisms  of 
neuronal  apoptosis 

The  MAP  kinase  pathway  functions  in  the  regulation 
of  cellular  proliferation,  differentiation,  survival,  and 
death  (Cardone  et  ah,  1997;  English  et  ah,  1999),  al¬ 
though  in  postmitotic  cells  (such  as  neurons)  the  func¬ 
tions  of  this  pathway  are  much  less  understood.  Our 
study  shows  that  different  downstream  (Erk42/44  and 
Erk54)  and  upstream  (MEKKI )  components  of  the  MAP 
kinase  pathway  are  enlisted  during  CPT-induced  apo¬ 
ptosis  in  mature  and  immature  neurons. 

In  CPT-lreated  mature  neurons,  phosphorylated 
Erk42/44  was  sequestered  in  the  nucleus  early  (4  hours) 
after  exposure.  A  parallel  decrease  in  the  level  of  phos¬ 


phorylated  Erk42/44  in  the  soluble  fraction  suggests 
translocation  from  the  cytoplasm  to  the  nucleus.  The 
phosphorylation  and  nuclear  accumulation  of  Erk42/44 
preceded  the  internucleosomal  fragmentation  of  DNA 
(detected  robustly  at  8  hours).  When  activated,  Erk42/44 
translocates  to  the  nucleus  to  phosphorylate  target  pro¬ 
teins,  including  transcription  factors  (Elk,  Sap,  and  Spl) 
and  histone  proteins  (English  et  al.,  1999),  many  of 
which  are  involved  in  apoptosis.  This  nuclear  transloca¬ 
tion  of  active  Erk42/44  may  function  as  a  preapoptotic 
signal  or  a  transient,  compensatory  survival  signal  in 
mature  neurons.  There  is  precedence  for  Erk  activation 
functioning  proapoptotically  in  mesangial  cells  (Ishi- 
kawa  and  Kitamura,  1999)  and  neuronal  cells  (Satoh  et 
al.,  2000;  Stanciu  and  DeFrance,  2002;  Stanciu  et  al., 
2000)  after  oxidative  stress.  We  observed  that  blocking 
Erk  activation  by  MEK  inhibition  protects  cortical  neu¬ 
rons  against  apoptosis,  supporting  a  proapoptotic  role  for 
Erk  activation  in  mature  neurons. 

Phosphorylation  of  Erk42/44  was  not  observed  during 
the  progression  of  apoptosis  in  immature  neurons  at 
DIV5.  However,  U0126  also  blocked  apoptosis  in  CPT- 
treated  DIV5  neurons.  The  increased  level  of  Erk54 
could  explain  the  apoptotic  activity  of  the  MAP  kinase 
pathway  in  DIV5  neurons  after  exposure  to  CPT.  This 
54-kd  protein  detected  with  a  pan-Erk  antibody  may  be 
related  to  the  Erk  family  (Keel  et  al.,  1995).  Erk54  has 
kinase  activity  and  may  be  an  isoform  of  Erk44  (Keel  et 
al.,  1995);  however,  Erk54  is  distinct  from  Erk42/44 
based  on  size,  chromatographic  properties,  and  substrate 
specificity  (Kyriaks  and  Auruch,  1990).  Because  the 
level  of  Erk54  decreased  dramatically  (>  80%)  in  the 
soluble  fraction,  Erk54  (rather  than  Erk42/44)  appears  to 
be  translocated  to  the  nucleus  in  immature  neurons  but 
not  mature  neurons.  This  translocation  of  Erk54  coin¬ 
cided  with  the  prominent  nuclear  accumulation  of 
cleaved  caspase-3.  Both  of  these  molecular  events  were 
blocked  by  MEK  inhibition,  which  strongly  protected 
DIV5  neurons  against  apoptosis. 

MEKKI  could  also  account  for  the  proapoptotic  ac¬ 
tivity  of  the  MAP  kinase  pathway  in  cortical  neurons. 
This  upstream  kinase  in  the  MAP  kinase  cascade  also  has 
dual  functions.  Full-length  MEKKI  promotes  cell  sur¬ 
vival,  whereas  MEKKI  C-terminal  fragments  promote 
apoptosis  (Cardone  et  al.,  1997;  Widmann  et  al.,  1998). 
Caspases  act  as  switches  to  convert  MEKKI  from  a  sur¬ 
vival  signal  to  a  proapoptotic  effector.  MEKKI  frag¬ 
ments  have  constitutive  kinase  activity  that  can  activate 
caspases,  comprising  a  positive-feedback  loop  for  driv¬ 
ing  apoptosis  (Cardone  et  al.,  1997).  MEKKI  activity  is 
required  for  apoptosis  in  nonneuronal  cells  after  DNA 
damage  (Widmann  et  al.,  1998).  We  show  for  the  first 
time  that  MEKKI  appears  to  have  a  role  in  neuronal 
apoptosis  induced  by  DNA  damage.  This  role  might  be 
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different  in  immature  and  mature  neurons  stimulated  to 
undergo  apoptosis  as  well  as  in  unstressed  normal  neu¬ 
rons.  For  instance,  cleaved  MEKKI  levels  were  consti- 
tutively  higher  in  mature  neurons  than  in  immature  neu¬ 
rons,  suggesting  that  C-terminal  fragments  of  MEKKI 
are  inactive  as  proapoptotic  kinases  in  mature  neurons. 
Major  C-terminal  fragments  of  MEKK I  were  not  present 
constitutively  in  immature  neurons.  However,  during 
CPT-induced  apoptosis  of  immature  cortical  neurons,  the 
formation  of  C-terminal  fragments  of  MEKKI  coincided 
with  caspase-3  cleavage  and  decreased  full-length 
MEKKI.  In  contrast,  during  CPT-induced  apoptosis  of 
mature  cortical  neurons,  levels  of  major  C-terminal  frag¬ 
ments  of  MEKKI  did  not  appear  to  change,  but  levels  of 
full-length  (survival)  MEKKI  declined,  suggesting  dif¬ 
ferent  mechanisms  for  MEKKI  processing  and  stabili¬ 
zation  in  mature  and  immature  neurons.  The  loss  of  full- 
length  MEKKI  may  be  sufficient  to  engage  apoptosis  in 
mature  neurons.  The  antiapoptotic  actions  of  U0126 
could  be  mediated  by  the  prevention  of  MEKKI  cleav¬ 
age  in  immature  neurons,  but  this  is  unlikely  the  case  in 
mature  neurons  because  MEK  inhibition  enhanced  the 
loss  of  full-length  MEKKI  during  apoptosis.  Thus,  the 
primary  antiapoptotic  action  of  U0126  in  mature  neurons 
may  be  through  blockade  of  Erk42/44  activation  with  a 
feedback  modulation  of  MEKKI. 

The  duality  of  the  MAP  kinase  pathway  in  regulating 
cell  death  or  survival  has  been  realized  previously.  In 
nonneuronal  cells,  basal  constitutive  activity  of  Erk  func¬ 
tions  in  cell  survival,  whereas  a  transient  upregulation  of 
Erk  induces  apoptosis  (Ishikawa  and  Kitamura,  1999). 
Depending  on  the  cell  type  and  context,  Erk  signaling 
can  participate  in  neuronal  survival  (Hetman  et  ah,  1999) 
or  neuronal  death  (Satoh  et  ah,  2000;  Stanciu  et  ah, 
2000).  A  neuronal  study  revealed  that  Erk  activation  by 
neurotrophin  is  important  for  survival  of  rat  cortical  neu¬ 
rons  in  vitro  (Hetman  et  ah,  1999).  However,  activation 
of  Erk42/44  might  contribute  to  neuronal  apoptosis  in 
some  in  vitro  models  of  neurotoxicity  (Jiang  et  ah,  2000; 
Stanciu  et  ah,  2000),  although  the  mechanisms  are  not 
known.  We  found  that  the  MAP  kinase  pathway  has  a 
survival  function  in  unstressed  mature  D1V30  neurons 
but  not  in  unstressed  immature  DIV5  neurons.  Specifi¬ 
cally,  MEK  inhibition  induced  apoptosis  in  healthy,  un¬ 
stressed  mature  neurons  but  not  in  immature  neurons 
(Fig.  6).  This  finding  is  consistent  with  the  observation 
that  DIV5  neurons  do  not  require  constitutive  phosphor¬ 
ylation  of  Erk42/44.  Therefore,  Erk42/44  phosphoryla¬ 
tion  is  less  important  as  a  survival  signal  in  unstressed 
immature  neurons  compared  with  mature  neurons.  How¬ 
ever,  in  mature  and  immature  neurons  undergoing  geno- 
toxic  stress,  the  MAP  kinase  pathway  assumes  a  pro¬ 
apoptotic  function  (Figs.  6  and  9).  The  proapoptotic 
activity  of  Erk  in  immature  neurons  with  DNA  damage 
did  not  appear  to  require  phosphorylation  of  Erk42/44. 


Our  study  is  the  first  to  reveal  a  proapoptotic  function  of 
Erk  during  DNA  damage-induced  neuronal  apoptosis 
that  may  be  unrelated  to  Erk42/44  phosphorylation. 

Roles  of  p53  and  Bax  during  camptothecin-induced 
cortical  neuronal  apoptosis  require 
further  examination 

Camptothecin  neurotoxicity  may  involve  p53  and  Bax. 
Neuronal  death  induced  by  CPT  in  granule  neurons  is 
blocked  in  cells  deficient  in  p53  and  Bax  (Xiang  et  ah, 
1998).  We  did  not,  however,  observe  increased  p53  and 
Bax  protein  levels  in  different  subcellular  fractions 
(nuclear,  insoluble/pellet,  and  soluble)  of  DIV5  and 
DIV30  cortical  neurons  exposed  to  CPT.  An  early 
change  in  the  intracellular  localization  of  Bax  has  been 
found  in  apoptotic  nonneuronal  cells,  with  a  redistribu¬ 
tion  of  soluble  Bax  to  mitochondria  promoting  cell  death 
(Wolter  et  ah,  1997).  In  human  colon  adenocarcinoma 
cells  treated  with  CPT,  Bax  redistributes  from  the  cytosol 
to  organelle  membranes  within  1  or  2  hours  after  drug 
exposure  (Gajkowska  et  ah,  2001).  During  striatal  neu¬ 
ron  apoptosis  in  newborn  rat  brain,  Bax  translocates  to 
mitochondrial  membranes  within  2  hours  after  the  stimu¬ 
lus  (Lok  and  Martin,  2002).  In  cultured  cortical  neurons, 
the  levels  of  Bax  in  the  mitochondrial-enriched  cell  frac¬ 
tion  and  soluble  fraction  decreased  dramatically  between 
8  and  24  hours  after  exposure  to  CPT.  However,  an  early 
subcellular  translocation  of  Bax  could  have  been  missed 
because  our  earliest  time  point  was  4  hours  after  CPT; 
moreover,  p53  activation  (phosphorylation)  needs  to  be 
evaluated  in  our  system.  Additional  experiments  are  nec¬ 
essary  to  define  the  role  of  Bax  and  p53  in  CPT-induced 
cortical  neuron  apoptosis. 

CONCLUSIONS 

Apoptotic  cell  death  mechanisms  in  immature  and  ma¬ 
ture  cortical  neurons  are  different  (Fig.  9).  Young  and 
old  neurons  may  use  different  caspase-3  activation 
mechanisms  and  enlist  different  components  of  the  MAP 
kinase  pathway  during  apoptosis.  Caspase-3  activation 
by  proenzyme  cleavage  occurs  more  strongly  in  apo¬ 
ptotic  immature  neurons  compared  with  older  neurons. 
The  cleavage  of  full-length  MEKKI  into  putative  pro¬ 
apoptotic  fragments  also  occurs  more  prominently  in  im¬ 
mature  neurons  versus  mature  neurons.  In  contrast,  Erk 
42/44  is  strongly  activated  in  mature  neurons  undergoing 
apoptosis  but  not  in  immature  neurons,  while  Erk54  in¬ 
creases  in  immature  but  not  mature  neurons.  Our  experi¬ 
ments  show  for  the  first  time  that  the  developmental 
maturity  or  age  of  neurons  influences  the  mechanisms  of 
apoptosis  induced  by  DNA  damage  and  that  phamaco- 
logic  therapies  for  the  protection  of  young  and  older 
neurons  might  be  different. 
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ABSTRACT 

The  mechanisms  of  neuronal  degeneration  in  motor  neuron  disease  are  not  fully  under¬ 
stood.  We  tested  the  hypothesis  that  oxidative  stress  in  vitro  and  axotomy  in  vivo  induce 
single-strand  breaks  (SSB)  in  DNA,  a  form  of  early  DNA  damage,  in  adult  motor  neurons 
early  during  their  degeneration.  We  developed  and  characterized  a  novel  cell  suspension 
system  enriched  in  motor  neurons  from  adult  rat  spinal  cord  ventral  horn.  This  cell  system 
is  —84%  neurons,  with  —86%  of  these  neurons  being  motor  neurons;  —72%  of  these  motor 
neurons  are  a-motor  neurons.  Motor  neuron  viability  in  suspension  is  —100%  immediately 
after  isolation  and  —61%  after  12  hours  of  incubation.  During  incubation,  isolated  motor 
neurons  generate  high  levels  of  superoxide.  We  used  single-cell  gel  electrophoresis  (comet 
assay)  to  detect  DNA-SSB  in  motor  neurons.  Exposure  of  motor  neurons  to  nitric  oxide  (NO) 
donors  (sodium  nitroprusside  or  NONOate),  H202  ,  or  NO  donor  plus  H202  rapidly  induces 
DNA-SSB  and  causes  motor  neuron  degeneration,  the  occurrence  of  which  is  dose  and  time 
related,  as  represented  by  comet  formation  and  cell  loss.  Motor  neuron  toxicity  is  potentiated 
by  cotreatment  with  NO  donor  and  HzOz  (at  nontoxic  concentrations  alone).  Peroxynitrite 
causes  DNA-SSB  in  motor  neurons.  The  DNA  damage  profiles  (shown  by  the  comet  morphol¬ 
ogy  and  moment)  of  NO  donors,  NO  donor  plus  H202,  and  peroxynitrite  are  similar.  In  an  in 
vivo  model  of  motor  neuron  apoptosis,  DNA-SSB  accumulate  slowly  in  avulsed  motor  neurons 
before  apoptotic  nuclear  features  emerge,  and  the  comet  fingerprint  is  similar  to  NO  toxicity.  We 
conclude  that  motor  neurons  challenged  by  oxidative  stress  and  axotomy  accumulate  DNA-SSB 
early  in  their  degeneration  and  that  the  formation  of  peroxynitrite  is  involved  in  the  mechanisms. 
J.  Comp.  Neurol.  432:35-60,  2001.  &  2001  Wiley-Liss,  Inc. 

Indexing  terms:  amyotrophic  lateral  sclerosis;  apoptosis;  DNA  damage;  single-cell  gel 
electrophoresis;  spinal  cord  injury;  superoxide 


The  degeneration  of  motor  neurons  in  spinal  cord, 
brainstem,  and  cerebral  cortex  is  the  cause  of  amyotrophic 
lateral  sclerosis  (ALS;  for  review,  see  Martin  et  al.,  2000). 
This  degeneration  may  be  a  form  of  aberrantly  occurring 
apoptosis  (Martin,  1999)  that  is  mediated  by  p53  (Martin, 
2000a),  implicating  DNA  damage  as  an  upstream  patho¬ 
genic  event.  Injury  to  peripheral  nerves  in  experimental 
animal  models  also  causes  apoptosis  of  spinal  motor  neu¬ 
rons  that  is  associated  with  DNA  damage  (Martin  et  al., 
1999a)  and  p53  induction  (Martin  et  al.,  1999b).  Oxidative 
stress  has  been  implicated  in  the  pathogenesis  of  both 
ALS  (Fitzmaurice  et  al.,  1996;  Ferrante  et  al.  1997) 
and  motor  neuron  apoptosis  after  experimental  lesion- 


ing  (Martin  et  al.,  1999a).  A  few  studies  have  found 
oxidative  damage  to  DNA  (in  the  form  of  8-hydroxy-2- 
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deoxyguanosine  adducts)  in  individuals  with  ALS  (Fitz- 
maurice  et  al.,  1996;  Ferrante  et  al.,  1997),  and  this  type 
of  DNA  damage  occurs  specifically  within  motor  neurons 
in  these  patients  (Martin,  2000b).  Similar  oxidative  dam¬ 
age  to  DNA  is  found  directly  in  motor  neurons  after  axo- 
tomy  (Martin  et  al.,  1999a),  but  it  is  not  yet  known  with 
certainty  whether  DNA  damage  is  an  early  upstream  sig¬ 
nal  for  motor  neuron  death  or  whether  this  damage  is  a 
consequence  of  degeneration. 

DNA  damage  is  a  highly  diverse  and  complicated  pro¬ 
cess.  DNA  damage  occurs  in  many  different  forms,  includ¬ 
ing  apurinic/apyrimidinic  sites,  double-  and  single-strand 
breaks,  adduct  formation,  thymidine  dimers,  crosslinks, 
and  insertion/deletion  mismatches  (Subba  Rao,  1993). 
Single-strand  breaks  (SSB)  in  DNA  are  the  earliest  and 
major  type  of  DNA  damage  among  the  several  forms  and 
are  potent  signals  for  apoptosis  (Levine,  1997).  Cells  that 
have  sustained  DNA  damage  from  reactive  oxygen  species 
(ROS)  and  other  genotoxic  agents  undergo  apoptosis  by 
engaging  molecular  cascades  involving  expression  or  acti¬ 
vation  of  p53,  Bax,  and  caspases  (Polyak  et  al.,  1997).  It  is 
possible  that  motor  neurons  in  the  adult  brain  and  spinal 
cord  are  particularly  sensitive  to  oxidative  stress  by  form¬ 
ing  DNA-SSB,  thereby  providing  a  signal  for  motor  neu¬ 
rons  to  undergo  apoptosis.  We  therefore  evaluated 
whether  oxidative  stress  induces  DNA-SSB  in  adult  motor 
neurons  in  vitro  and  whether  DNA-SSB  occur  in  adult 
motor  neurons  early  in  the  progression  of  apoptosis  in 
vivo. 

New  approaches  need  to  be  developed  to  study  the  de¬ 
generation  of  adult  motor  neurons,  and  sensitive  assays 
for  specific  types  of  DNA  lesions  need  to  be  identified  to 
study  the  possible  role  of  DNA  damage  in  the  mechanisms 
for  motor  neuron  apoptosis.  We  used  two  different  model 
systems  of  motor  neuron  degeneration.  We  developed  and 
characterized  a  novel  short-term,  motor  neuron-enriched 
cell  suspension  system  to  evaluate  the  formation  of  DNA- 
SSB  directly  in  adult  spinal  motor  neurons  exposed  in 
vitro  to  hydrogen  peroxide  (H202),  nitric  oxide  (NO)  do¬ 
nors,  and  peroxynitrite  (ONOO~).  DNA-SSB  in  single  mo¬ 
tor  neurons  were  detected  by  using  the  single-cell  gel 
electrophoresis  method,  also  known  as  the  comet  assay. 
The  comet  assay  is  an  established  method  for  identifying 
strand  breaks  in  DNA  in  single  cells  (Singh  et  al.,  1988; 
Kindzelskii  and  Petty,  1999;  Morris  et  al.,  1999;  Tice  et  al., 
2000).  We  also  applied  this  assay  to  an  in  vivo  system  of 
motor  neuron  degeneration,  the  sciatic  nerve  avulsion 
model  in  adult  rat  (Martin  et  al.,  1999a),  to  determine  the 
kinetics  of  DNA-SSB  in  spinal  motor  neurons  during  ap¬ 
optosis. 

MATERIALS  AND  METHODS 
Animals  and  tissues 

Male  Sprague-Dawley  rats  (Charles  River,  Wilmington, 
MA),  weighing  —150-200  g,  were  used  for  these  experi¬ 
ments.  The  animals  were  housed  in  a  colony  room  with  a 
12-hour/12-hour  light/dark  cycle  and  ad  libitum  access  to 
food  and  water.  The  Animal  Care  and  Use  Committee 
of  the  Johns  Hopkins  University  School  of  Medicine 
approved  the  animal  protocol.  Naive  rats  without  exper¬ 
imental  manipulations  and  rats  with  experimental 
manipulations  were  used  in  these  experiments.  The  ma¬ 
nipulations  used  were  retrograde  tracing  of  motor  neu¬ 
rons  and  sciatic  nerve  avulsions. 


Spinal  cord  tissues  for  motor  neuron  cell  suspension 
preparations  were  harvested  from  animals  that  were 
anesthetized  deeply  with  a  mixture  of  enflurane/oxygen/ 
nitrous  oxide  (1:33:66)  and  then  decapitated.  The  cervical 
and  lumbar  enlargements  from  rats  without  experimental 
lesions  were  removed.  The  entire  lumbar  enlargements 
(divided  into  ipsilateral  and  contralateral  sides)  were  used 
from  rats  exposed  to  tracers  and  from  rats  with  sciatic 
nerve  avulsions.  After  removing  the  pia,  lumbar/cervical 
enlargements  were  dissected  under  a  surgical  microscope 
segment  by  segment,  and  then  the  segments  were  micro- 
dissected  into  gray  matter  columns  of  ventral  horn  with¬ 
out  appreciable  contamination  of  dorsal  horn  and  sur¬ 
rounding  white  matter  funiculi. 

For  retrograde  labeling  of  motor  neurons,  rats  were 
anesthetized  deeply  with  enflurane/oxygen/nitrous  oxide 
(1:33:66),  and,  under  sterile  conditions,  the  sciatic  nerve 
was  exposed  within  the  middle  of  the  upper  hindlimb.  The 
nerve  was  transected  by  cutting,  and  either  50  p.1  of  2% 
nuclear  yellow  (NY)  or  2.5%  4,6-diamidino-2-phenylindole 
(DAPI)  was  applied  to  the  proximal  nerve  stump  for  1 
hour  by  using  tracer-saturated  Gelfoam  placed  in  a  sterile 
Eppendorf  tube.  The  animal  incision  was  closed  with  the 
bottom  of  Eppendorf  tube  containing  NY  or  DAPI  remain¬ 
ing  applied  to  the  proximal  stump  of  the  sciatic  nerve.  Two 
animals  were  used  for  each  tracer.  The  animals  were 
allowed  to  survive  for  48  hours  before  they  were  killed. 

The  unilateral  sciatic  nerve  avulsion  model  was  used  as 
an  in  vivo  model  for  apoptosis  of  spinal  motor  neurons 
(Martin  et  al.,  1999a).  Rats  were  anesthetized  deeply  with 
enflurane/oxygen/nitrous  oxide  (1:33:66).  A  midline  inci¬ 
sion  was  made  in  the  lateral  aspect  of  the  left  pelvis  and 
upper  hindlimb.  The  sciatic  nerve  was  located  by  blunt 
retraction  of  the  biceps  femoris  and  gluteus  muscles  and 
was  tracked  proximally  to  an  extravertebral  location  deep 
within  the  pelvis.  A  steady,  moderate  traction  was  applied 
to  the  sciatic  nerve  with  forceps  until  the  nerve  separated 
from  the  spinal  cord,  resulting  in  a  mixed  motor-sensory 
root  avulsion.  Muscle  retraction  was  released,  and  the 
overlying  skin  was  sutured.  Postlesion  survival  times  fol¬ 
lowing  sciatic  nerve  avulsion  were  5,  7, 10, 14,  and  28  days 
(n  =  2-4  rats  per  time  point). 

Preparation,  sorting,  characterization,  and 
counting  of  cell  suspensions  enriched  in 
motor  neurons 

Preparation  of  cell  suspensions  from  spinal  cord 
ventral  horns.  After  quick  isolation,  gray  matter  tissue 
columns  from  spinal  cord  ventral  horns  of  lumbar/cervical 
enlargements  were  collected  and  rinsed  in  a  cell  culture 
dish  on  ice  containing  dissection  medium  (IX  Ca2+/Mg2+- 
free  Hanks'  balanced  salt  solution;  GibcoBRL,  Grand  Is¬ 
land,  NY,  supplemented  with  glucose  and  sucrose).  After 
they  had  been  cut  into  smaller  pieces,  ventral  horn  sam¬ 
ples  were  digested  (20  minutes)  with  0.25%  trypsin-EDTA 
(Gibco)  in  a  tissue  culture  incubator  (5%  C02  and  95%  air, 
at  37°C).  This  mixture  was  titurated  gently  with  a  trans¬ 
fer  pipette.  The  cell  suspension  was  transferred  to  a  5-ml 
centrifugation  tube  on  ice,  and  the  remaining  small  pieces 
of  ventral  horn  gray  matter  were  further  digested  in 
trypsin-EDTA  (16  minutes).  The  total  cell  suspension  was 
then  centrifuged  at  different  speeds  for  cell  sorting. 

Sorting  of  cell  suspensions.  To  isolate  a  spinal  motor 
neuron-enriched  fraction,  cell  suspensions  were  centri- 
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fuged  (Beckman  GPR  model  centrifuge)  at  200  rpm  (20 
gav)  for  5  minutes  (4°C).  The  supernatant  was  collected 
and  then  centrifuged  at  400  rpm  (50  gav),  800  rpm  (160 
gav),  and  then  2,500  rpm  (1,400  gav).  After  each  spin  (for  5 
minutes),  the  pellet  was  resuspended  in  100  p.1  phosphate- 
buffered  saline  (PBS,  pH  7.4),  fixed  with  1  ml  of  4%  para¬ 
formaldehyde  (4°C  for  1  hour),  and  then  characterized  by 
using  immunocytochemistry  or  cresyl  violet  staining. 

Characterization  of  sorted  cell  suspensions.  Cell 
suspensions  from  the  ventral  horns  of  cervical  and  lumbar 
enlargements  after  sorting  by  differential  centrifugation 
were  characterized  by  immunofluorescence.  After  fixation, 
the  cells  were  repelleted,  and  each  pellet  was  resuspended 
with  250  pd  PBS.  An  aliquot  of  cell  suspension  (50  pd)  was 
applied  to  a  gelatin-coated  slide,  and  a  coverslip  (24  X  30 
mm)  was  overlaid  gently  to  form  a  monolayer  of  cells.  The 
slides  were  then  air-dried.  The  following  antibodies  were 
used:  a  mouse  monoclonal  anti-neuronal  nucleus  (NeuN, 
diluted  1:20),  a  neuron-specific  marker  (Chemicon,  Te¬ 
mecula,  CA);  a  mouse  monoclonal  anti-choline  acetyl- 
transferase  (CAT,  diluted  1:5),  a  marker  for  motor  neu¬ 
rons  in  rat  spinal  cord  enlargements  (Roche  Molecular 
Biochemicals,  Indianapolis,  IN);  a  rabbit  polyclonal  anti- 
glial  fibrillary  acidic  protein  (GFAP;  diluted  1:20),  an  as¬ 
troglial  marker  (DAKO,  Glostrup,  Denmark);  and  a  mono¬ 
clonal  mouse  anti-CDllb/c  IgG2a  (OX-42,  diluted  1:20),  a 
microglial/macrophage  marker  (Harlan  Sera-Lab,  Craw¬ 
ley  Down,  England). 

Air-dried  slides  were  rinsed  (1  hour)  in  PBS  to  separate 
the  slides  from  the  coverslips.  The  cells  did  not  attach  to 
the  coverslips  because  they  were  not  coated  with  adhesive; 
instead,  the  cells  were  attached  to  the  gelatin-coated 
slides.  The  cells  were  permeabilized  (30  minutes)  in  1% 
Triton  X-100  and  then  treated  (30  minutes)  with  1%  bo¬ 
vine  serum  albumin  (BSA).  Diluted  primary  antibodies 
were  applied  to  the  slides,  and  the  slides  were  incubated 
(24  hours  at  room  temperature)  in  a  humidified  box.  After 
primary  antibody  incubation,  the  slides  were  rinsed  in 
PBS.  Alexa-conjugated  anti-mouse  IgG  (diluted  1:100,  Mo¬ 
lecular  Probes,  Eugene,  OR)  was  used  to  visualize  NeuN, 
CAT,  and  OX-42,  and  Cascade  blue-conjugated  anti-rabbit 
IgG  (diluted  1:100;  Molecular  Probes)  was  used  to  visual¬ 
ize  GFAP.  The  slides  were  incubated  (4  hours  at  room 
temperature)  in  a  humidified,  dark  box.  The  slides  were 
washed  and  coverslipped  with  propidium  iodide/antifade 
(Ventana,  Tucson,  AZ).  The  slides  were  observed  and  pho¬ 
tographed  under  a  Zeiss  fluorescence  microscope.  The 
preparation  of  cell  suspensions  from  rats  used  for  retro¬ 
grade  tracing  of  motor  neurons  was  identical  to  that  de¬ 
scribed  above.  The  slides  were  coverslipped  with  or  with¬ 
out  propidium  iodide/antifade  and  were  observed  under 
the  same  fluorescence  microscope  but  with  UV  emission. 

Counting  of  different  cell  types  in  cell  suspensions. 
To  identify  the  cell  fraction  that  was  enriched  in  motor 
neurons,  the  specific  types  of  cells  were  identified  by  cell- 
specific  markers  and  were  counted.  To  estimate  the  total 
number  of  neurons,  the  number  of  NeuN  positive-cells  was 
compared  with  the  total  number  of  cells  identified  by 
propidium  iodide  staining  plus  NeuN  staining.  The  per¬ 
centage  of  CAT-positive  cells  relative  to  NeuN-positive 
cells  was  calculated  to  determine  the  proportion  of  spinal 
motor  neurons  in  the  cell  suspensions.  The  fraction  of 
DAPI-  or  NY-positive  cells  relative  to  the  total  number  of 
NeuN-positive  cells  was  also  calculated  to  determine  the 
proportion  of  spinal  motor  neurons  issuing  sciatic  nerve 


axons.  The  numbers  of  labeled  cells  from  six  different 
microscopic  fields  (400  X)  were  averaged  from  each  case, 
and  then  a  total  mean  was  derived  from  the  preparations 
from  three  different  cases.  The  viability  of  the  cell  suspen¬ 
sions  was  measured  by  the  trypan  blue  assays  and  count¬ 
ing  cells  in  a  hemocytometer  with  phase  contrast  micros¬ 
copy.  Viability,  as  determined  by  exclusion  of  trypan  blue, 
was  evaluated  immediately  after  the  cells  were  isolated 
and  after  incubation  for  6,  12,  and  24  hours. 

Detection  of  superoxide  (_02)  in 
motor  neurons 

The  dye  hydroethidium  (HE)  detects  -02  in  living  cells 
through  its  oxidative  conversion  to  ethidium  bromide  by 
_02  radical  (Rothe  and  Valet,  1990).  We  used  HE  to  mea¬ 
sure  ~02  production  in  motor  neuron  cell  suspensions. 
After  cell  sorting,  the  400  rpm  cell  isolates  from  ventral 
horns  of  cervical  and  lumbar  enlargements  were  resus¬ 
pended  in  either  minimum  essential  medium  (MEM)  or 
Neurobasal-A  supplemented  with  5%  horse  serum,  5% 
fetal  bovine  serum  (both  sera  were  heat  inactivated),  and 
IX  glutamine  (Gibco).  Aliquots  (2  ml)  of  resuspended  cells 
were  incubated  (5%  C02  and  95%  air,  37°C)  for  0, 30,  or  60 
minutes,  after  which  10  p.1  of  63.5  mM  HE  (Molecular 
Probes)  in  dimethylformamide  was  added  to  each  sample. 
Cells  were  incubated  for  an  additional  15  minutes.  Cell 
suspensions  were  collected  and  repelleted,  and  the  cell 
pellet  was  washed  with  PBS  and  then  fixed  in  4%  para¬ 
formaldehyde  overnight.  After  fixation  the  cells  were  re¬ 
pelleted  and  mounted  on  coated  slides.  The  cells  were 
quickly  viewed  by  fluorescence  microscopy  under  both 
421-  and  593-nm  emission  filters,  and  images  were  cap¬ 
tured  on  color  slide  film  and  digitized.  Image  analysis  was 
used  to  measure  ~02  production  by  the  conversion  of  blue 
to  red  color  in  isolated  cells. 

Exposure  of  motor  neuron-enriched 
cell  suspensions  to  H,0?,  NO  donors, 
and  ONOO~ 

We  determined  whether  adult  motor  neurons  that  are 
challenged  with  oxidative  stress  accumulate  SSB  in  DNA. 
Motor  neuron-enriched  cell  suspensions  were  exposed  to 
H202  and  NO  donors.  Two  different  NO  donors  were  used: 
sodium  nitroprusside  (SNP;  Sigma,  St.  Louis,  MO)  and 
N-(2-aminoethyl)-N-(2-hydroxyl-nitrosohydrazino)-l,2- 
ethylenediamine  (spermine-NONOate;  OXIS,  Portland, 
OR).  Spermine-NONOate  was  used  because  this  agent  can 
maintain  long  exposure  to  steady-state  generation  of  NO 
(Hrabie  et  al.,  1993).  A  combination  of  H202  and  SNP  was 
also  used.  Motor  neurons  were  also  exposed  directly  to 
ONOO“  (Alexis,  San  Diego,  CA).  ONOO-  is  a  potent  and 
relatively  long-lived  ROS  formed  by  a  reaction  between 
“02  and  NO  (Beckman  et  al.,  1993). 

Motor  neuron  cell  suspensions  (the  400-rpm  prepara¬ 
tion)  were  prepared  from  naive  rats.  To  identify  the  opti¬ 
mal  cell  culture  medium  for  these  experiments,  cell  sus¬ 
pensions  of  adult  motor  neurons  were  incubated  in  either 
MEM  or  Neurobasal-A  (without  B27)  and  were  evaluated  for 
DNA  damage.  Baseline  DNA  damage  in  controls  was  signif¬ 
icantly  less  in  motor  neurons  incubated  in  Neurobasal-A 
(see  Results).  We  concluded  that  Neurobasal-A  is  better 
than  MEM  for  survival  of  adult  motor  neurons.  Motor 
neuron  cell  suspensions  were  exposed  to  different  doses  of 
H202  in  a  medium  containing  90%  Neurobasal-A  (Gibco), 
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5%  horse  serum,  5%  fetal  bovine  serum  (both  sera  were 
heat  inactivated),  and  IX  glutamine  (Gibco).  The  cells 
were  exposed  to  H202  in  a  tissue  culture  incubator  (con¬ 
taining  5%  C02  and  95%  air,  37°C)  for  the  different  times. 
For  controls,  cells  were  not  exposed  to  H202  but  were 
incubated  for  the  same  times  in  medium.  After  exposure, 
the  treatment  groups  were  collected  into  5-mI  centrifuge 
tubes  and  repelleted  at  4°C  for  5  minutes.  Each  pellet  was 
resuspended  and  subjected  to  the  comet  assay. 

Motor  neuron  cell  suspensions  (400  rpm  preparation) 
were  prepared  from  naive  rats.  Motor  neurons  were  ex¬ 
posed  to  SNP  at  concentrations  of  10,  100,  300,  and  800 
p,M  for  different  durations  ranging  from  15  minutes  to  4 
hours.  Identical  cell  suspensions  were  exposed  to 
spermine-NONOate  at  concentrations  of  10  and  100  gM 
for  30  minutes,  1  hour,  and  2  hours.  Motor  neurons  were 
also  exposed  to  H202/SNP  simultaneously  for  the  same 
durations  as  exposure  to  SNP  alone.  In  addition,  motor 
neurons  were  treated  with  ONOO-  at  concentrations  of  10 
and  100  pM  for  15  minutes,  30  minutes,  and  1  hour.  These 
exposures  were  done  in  medium  containing  90% 
Neurobasal-A  (Gibco),  5%  horse  serum,  5%  fetal  bovine 
serum  (both  sera  were  heat  inactivated),  and  lx  glu¬ 
tamine  (Gibco)  in  a  tissue  culture  incubator  (containing 
5%  C02  and  95%  air,  37°C)  for  the  different  times.  For 
controls,  samples  of  the  same  cell  suspensions  were  incu¬ 
bated  in  medium  for  the  same  time  in  the  absence  of  SNP, 
with  spermine  tetrahydrochloride/sodium  nitrite  (N02-), 
or  with  decomposed  ONOO-  in  alkaline  solution. 

Comet  assay 

To  detect  DNA-SSB  on  an  individual  cell  basis,  motor 
neuron  cell  suspensions  that  were  exposed  to  H202,  NO 
donor,  H202/SNP,  and  ONOO-  were  analyzed  by  the 
comet  assay.  In  addition,  to  identify  DNA-SSB  in  motor 
neurons  undergoing  apoptosis  in  vivo,  the  comet  assay 
was  used  on  motor  neuron  cell  suspensions  prepared  from 
rats  with  sciatic  nerve  avulsions.  The  400-rpm  cell  prep¬ 
arations  from  ipsilateral  or  contralateral  sides  of  ventral 
horns  of  lumbar  enlargements  of  animals  with  unilateral 
sciatic  nerve  avulsions  were  subjected  directly  to  comet 
assay  immediately  after  they  were  sorted  and  repelleted. 
All  the  procedures  for  the  comet  assay  were  done  under 
low  light  to  minimize  spontaneous  DNA  damage. 

Preparation  of  cell  microgels  on  slides.  The  cell  mi¬ 
crogels  were  prepared  as  layers.  The  first  layer  of  gel  was 
made  by  applying  200  pi  of  regular  melting  point  agarose 
(0.7%)  on  individual  superfrosted  glass  microscope  slides 
(3x1  inches,  thickness  1  mm),  and  a  coverslip  was  laid 
gently  on  the  agarose.  After  gel  solidification  at  4°C,  the 
coverslip  was  removed,  and  50  pi  of  a  mixture  of  cell 
suspension  (containing  —4.4  X  104  motor  neurons)  and 
low-melting-point  agarose  was  applied  to  the  first  gel 
layer.  The  low-melting-point  agarose  was  prepared  in  0.1 
M  PBS  and  kept  at  37°C  ,  and  the  cell  suspension-agarose 
mixture  was  maintained  at  37°C.  The  slides  were  then 
coverslipped  and  placed  at  4°C  for  solidification  of  the  cell 
suspension-agarose  mixture.  After  the  second  layer  solid¬ 
ified,  the  coverslips  were  removed,  and  100  pi  of  low- 
melting-point  agarose  was  added  on  top  of  the  cell  layer. 
The  gels  were  recoverslipped,  and  the  slides  were  placed 
on  ice  for  gel  solidification. 

Lysis  of  cells,  DNA  unwinding,  gel  electrophoresis, 
and  DNA  staining.  Coverslips  were  removed  from  the 
cell  microgels,  and  the  slides  were  covered  with  1.5  ml  of 
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Fig.  1.  DNA  damage  in  motor  neurons  as  visualized  with  the 
comet  assay.  Digital  image  (upper  image)  of  a  motor  neuron  comet 
(the  tail  and  the  head  comprise  the  comet)  found  in  microgels  after 
single-cell  gel  electrophoresis.  Ethidium  bromide  staining  of  DNA  is 
in  pseudocolor.  Each  color  indicates  a  different  DNA  content,  with 
black  indicating  the  highest  DNA  intensity.  (Background  color  has 
the  intensity  of  0.)  Comet  contour  (lower  image)  delineating  comet 
head  (1)  and  tail  (2). 


lysis  buffer  (pH  10)  containing  2.5  M  NaCl,  100  mM 
EDTA,  1%  sodium  lauryl  sarcosine,  10  mM  Tris,  and  Tri¬ 
ton  X-100  (final  concentration  1%,  freshly  added  immedi¬ 
ately  before  use).  Microgels  of  oxidant-  and  vehicle-treated 
cells  were  lysed  for  30  minutes  at  room  temperature. 
Microgels  of  cells  prepared  from  avulsion  rats  were  lysed 
for  1  hour  at  room  temperature.  After  draining,  microgels 
were  treated  with  DNA-unwinding  solution  (300  mM 
NaOH,  1  mM  EDTA,  pH  12)  for  30  minutes.  After  DNA 
unwinding,  the  microgels  were  placed  in  a  horizontal  gel 
electrophoresis  chamber  filled  with  DNA-unwinding  solu¬ 
tion  and  subjected  to  electrophoresis  (300  mA)  for  20  min¬ 
utes  (oxidant/control  treated  cell  preparations)  or  30  min¬ 
utes  (lesioned/unlesioned  sciatic  nerve  avulsion  samples). 
After  neutralizing  microgels  with  0.4  M  Tris-HCl  (pH  7.5) 
for  20  minutes,  they  were  stained  (30  minutes)  with  20 
pg/ml  ethidium  bromide.  Subsequently,  the  gels  were 
washed  and  coverslipped.  The  evaluation  and  image  ac¬ 
quisition  were  performed  by  using  a  Zeiss  fluorescence 
microscope. 

Counting  comets  and  intact  cells  in  cell  microgels. 
The  numbers  of  cells  with  comets  (Fig.  1)  were  counted  in 
microgels  prepared  from  motor  neurons  exposed  to  oxi¬ 
dants  in  vitro  and  from  motor  neurons  isolated  from  in 
vivo  avulsion  experiments.  For  cell  preparations  exposed 
to  H202,  NO  donor,  H202/SNP,  or  ONOO-,  cells  incubated 
for  the  same  time  in  medium  with  vehicle,  without  oxi¬ 
dant,  were  used  as  controls.  Three  to  five  separate  exper¬ 
iments  from  different  animals  were  done  for  each  type  of 
in  vitro  oxidant  exposure  experiment.  For  the  unilateral 
sciatic  nerve  avulsion  experiments,  comet  assays  were 
performed  on  two  to  four  rats  for  each  recovery  time  (5,  7, 
10, 14,  and  28  days).  The  contralateral  (unlesioned)  side  of 
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the  spinal  cord  from  rats  with  sciatic  nerve  avulsions  was 
used  as  the  control  for  each  time  point.  The  numbers  of 
comets  and  large  intact  cell  nuclei  regarded  as  motor 
neurons  stained  by  ethidium  bromide  were  counted  in  six 
microscopic  views  at  200  X  from  microgels  of  treated  cells 
and  from  sciatic  nerve  avulsion  animals.  The  percentage 
of  comets  relative  to  the  total  number  of  cells  (total  num¬ 
ber  of  comets  and  total  number  of  intact  cell  nuclei)  was 
determined,  and  group  means  were  calculated.  The  data 
were  analyzed  by  using  a  Student’s  t-test. 

Quantification  of  DNA  damage 

Individual  comets  were  captured  as  digital  images  for 
quantification  of  DNA  density  and  comet  moments  as 
measured  by  the  fluorescence  intensity  of  ethidium 
bromide-stained  DNA  (Fig.  1).  Cells  with  more  DNA  dam¬ 
age  show  an  increased  migration  of  DNA  in  the  direction 
of  electrophoresis  (Ostling  and  Johanson,  1984;  Singh  et 
al.,  1988).  Randomly  selected  comet  images  were  acquired 
by  using  Inquiry  software  (Loats  Associates,  Westminster, 
MD).  In  each  treatment  group,  —10-30  comets  were  ac¬ 
quired.  Comets  were  saved  in  TIFF  format.  From  each 
comet,  several  measurements  were  made  by  delineating 
the  region  of  interest  (Fig.  1).  These  measurements  were 
DNA  intensityhead,  DNA  intensity tail,  areahead,  and  area¬ 
ta,.  Tail  length  was  measured  from  the  center  of  the  head 
to  the  end  of  the  tail.  The  extent  of  DNA  damage  was 
quantified  by  measuring  the  displacement  of  DNA  be¬ 
tween  the  cell  nucleus  (i.e.,  the  comet  head)  and  the  tail. 
Relative  DNA  content  was  reflected  by  the  average- 
integrated  intensity  of  fluorescence.  The  amount  of  DNA 
damage  for  each  cell  was  derived  from  the  calculation  of 
the  comet  moment  (Heilman  et  al.,  1995;  Peterson  et  ah, 
2000).  We  calculated  the  comet  moment  by  two  different 
methods.  The  traditional  calculation  is  DNA  intensity^, 
X  tail  length  (Heilman  et  ah,  1995).  However,  this  equa¬ 
tion  does  not  take  into  consideration  the  broadness  of  the 
tail;  therefore,  we  also  calculated  the  comet  moment  from 
DNA  intensitytail  X  areatail.  The  comet  moment  is  re¬ 
garded  as  one  of  the  best  indices  of  induced  DNA  damage 
in  cells  (Singh  et  ah,  1988;  Heilman  et  ah,  1995). 

DNA  fragmentation  analysis  of  motor 
neuron-enriched  cell  suspensions  exposed 
to  oxidative  stress 

We  used  standard  DNA  gel  electrophoresis  to  detect 
DNA  damage  for  a  comparison  with  the  comet  assay. 
Immediately  after  sorting  the  ventral  horn  cell  prepara¬ 
tions,  the  400-rpm  cell  suspensions  from  both  cervical  and 
lumbar  enlargements  (n  =  13  rats)  were  divided  into 
wells.  These  motor  neuron-enriched  cell  suspensions  were 
treated  with  either  10  mM  H202, 10  pM  SNP,  or  vehicle  in 
medium  for  60  and  90  minutes.  The  cells  were  then  col¬ 
lected  and  repelleted.  Samples  with  the  same  treatments 
were  pooled,  and  genomic  DNA  was  extracted.  Three  sep¬ 
arate  experiments  were  performed. 

Agarose  gel  electrophoresis  for  DNA  fragmentation. 
To  identify  the  pattern  of  DNA  fragmentation  after  oxida¬ 
tive  stress,  DNA  was  extracted  from  motor  neuron- 
enriched  cell  suspensions  exposed  to  H202  or  NO  donor 
and  their  vehicle/time  controls.  Immediately  after  the 
exposure,  the  cells  were  pelleted,  washed  in  PBS,  repel¬ 
leted,  and  then  lysed  with  1%  sodium  dodecyl  sulfate 
(SDS)  in  lysis  buffer.  The  samples  were  treated  with  Pro¬ 
teinase  K  overnight,  and  then  genomic  DNA  was  ex¬ 


tracted  with  phenol/chloroform/isoamyl  alcohol.  After  di¬ 
gestion  of  RNA  with  DNase-free  RNase  followed  by 
repurification,  DNA  (10  p.g)  from  each  sample  was  end- 
labeled  with  digoxigenin  as  described  (Portera-Cailliau  et 
al.,  1997;  Martin,  1999).  DNA  was  fractionated  in  a  1.5% 
agarose  gel,  transferred  to  nylon  membrane,  UV- 
crosslinked,  incubated  with  a  digoxigenin  antibody  conju¬ 
gated  to  alkaline  phosphatase,  and  detected  with  Lumi 
Phos  530  (Boehringer  Mannheim,  Indianapolis,  IN)  fol¬ 
lowed  by  exposure  to  Kodak  X-Omat  AR  film  (Eastman 
Kodak,  Rochester,  NY). 

Structural  analysis  of  motor  neuron- 
enriched  cell  suspensions 

We  evaluated  the  structure  of  adult  motor  neuron  cell 
suspensions  and  the  structural  changes  in  these  cells  ex¬ 
posed  to  H202  and  NO  donor.  After  sorting,  control  and 
treated  motor  neurons  (prepared  from  three  rats  for  each 
condition)  were  fixed  with  1%  glutaraldehyde  and  2% 
paraformaldehyde  and  processed  for  plastic  embedding  as 
described  (Martin  et  al.,  1999a).  Motor  neuron  cell  pellets 
were  cut  at  1  pm  and  stained  with  toluidine  blue  for 
high-resolution  light  microscopy  and  were  also  thin- 
sectioned  for  electron  microscopy. 

Immunoblot  analysis  of  protein  nitration 

We  used  protein  nitration  to  track  the  presence  of 
ONOO-  (Beckman  et  al.,  1993).  Motor  neuron  cell  suspen¬ 
sions  were  exposed  to  H202,  SNP,  NONOate,  SNP  + 
H202,  ONOO-,  and  respective  control  applications.  The 
cells  were  pelleted,  washed,  and  lysed  in  buffer.  Samples 
(20  pg  of  total  protein)  were  fractionated  by  SDS- 
polyacrylamide  gel  electrophoresis.  Proteins  were  electro- 
eluted  onto  nitrocellulose  sheets.  Gels  were  stained  with 
Coomassie  blue,  and  nitrocellulose  membranes  were 
briefly  stained  with  Ponceau  S  to  verify  uniform  protein 
transfer.  Blots  were  washed  with  50  mM  Tris-buffered 
saline  (TBS;  pH  7.4),  and  subsequently  blocked  in  2.5% 
nonfat  milk  in  50  mM  TBS/0.1%  Tween-20.  Nitrotyrosine 
modification  of  proteins  was  detected  with  polyclonal  an¬ 
tibodies  (Upstate  Biotechnology,  Lake  Placid,  New  York) 
used  at  a  concentration  of  1  pg  IgG/ml.  Nitrated  proteins 
were  visualized  with  enhanced  chemiluminesence. 

RESULTS 

Motor  neurons  can  be  isolated  from  adult 
spinal  cord  and  studied  in  cell  suspension 

To  study  the  mechanisms  of  specific  types  of  DNA  dam¬ 
age  induced  in  adult  spinal  motor  neurons  by  oxidative 
stress  in  vitro  and  axotomy  in  vivo,  model  systems  for 
isolating  adult  motor  neurons  and  for  detecting  early  DNA 
damage  in  individual  motor  neurons  needed  to  be  devel¬ 
oped.  When  microdissected  samples  of  spinal  ventral  horn 
are  exposed  to  mild  digestion  and  then  fractionated  by 
differential  low-speed  centrifugation,  a  cell  suspension 
comprised  mostly  of  motor  neurons  was  isolated.  Most  of 
the  large  neurons  are  found  in  the  400-rpm  pellet,  with 
most  of  the  cells  in  this  fraction  being  motor  neurons  (Figs. 
2,  4Aa,b,k). 

After  resuspending  the  400-rpm  pellet,  the  cell  suspen¬ 
sion  was  even,  without  visible  tissue  pieces.  Microscopi¬ 
cally,  most  cells  are  uniformly  round,  large  spheres  (vol¬ 
umes  of  —98-653  pm  ')  or  mid-sized  (volumes  of  —32-63 
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pm3)  (Figs.  2,  4Aa,b,k).  These  cells  are  neurons,  as  iden¬ 
tified  by  nuclear  staining  for  NeuN  (Fig.  2A,B)  and  are 
motor  neurons  as  determined  by  cytoplasmic  CAT  immu¬ 
nofluorescence  (Fig.  2E,F)  and  retrograde  labeling  with 
NY  and  DAPI  (Fig.  2G).  Motor  neuron  nuclei  show  strong 
labeling  for  NeuN  that  blocked  staining  with  propidium 
iodide.  Only  very  small  cells  without  NeuN  reactivity 
(glial  cells)  could  be  counterstained  with  propidium  iodide 
(Fig.  2C,D).  CAT  staining  was  localized  in  cell  perikarya, 
and  thus  the  nuclei  were  counterstained  with  propidium 
iodide  (Fig.  2E,F).  A  few  large  cells  were  entirely  or  par¬ 
tially  surrounded  by  astroglial  processes,  as  revealed  by 
GFAP  staining  (Fig.  2H).  GFAP-positive  cells  are  rarely 
present,  but  GFAP-positive  fragments  of  astroglial  pro¬ 
cesses  are  scattered  throughout  the  motor  neuron- 
enriched  cell  suspension,  with  only  occasional  OX-42- 
positive  microglial  cells  being  identified.  The  large  nuclei 
of  motor  neurons  are  easily  distinguished  from  the  very 
small  nuclei  of  glial  and  endothelial  cells. 

Cell  counting  confirmed  that  —84%  of  the  cells  are  neu¬ 
rons  in  this  suspension  of  the  400-rpm  pellet  from  cervical 
and  lumbar  ventral  horns  (Fig.  2A).  Of  these  neurons, 
—86%  are  spinal  motor  neurons  by  cytoplasmic  CAT  pos¬ 
itivity  (Fig.  2E).  Retrograde  tracing  revealed  that  —72%  of 
cells  in  the  400-rpm  cell  suspensions  from  lumbar  enlarge¬ 
ments  were  DAPI  labeled  (Fig.  2G);  thus  these  cells  are 
a-motor  neurons  with  axons  in  the  sciatic  nerve.  The  total 
number  of  motor  neurons  in  the  400-rpm  cell  suspension 
(from  spinal  cord  enlargements)  was  estimated  at  4.0  X 
106  ±  0.22  x  106  (mean  ±  SEM). 

The  cellular  compositions  of  the  fractions  yielded  by  the 
other  centrifugation  speeds  are  distinctly  different  from 
that  found  at  400  rpm.  Mostly  small-sized  cells  and  fewer 
mid-sized  cells  are  found  in  the  cell  suspensions  made 
from  the  800-rpm  pellet.  Individual  glial  cells  and  small 
cell  clusters  formed  by  three  to  five  glial  cells  are  found. 
Cell  sizes  range  from  10  to  51  pm3.  The  smaller  cells  are 
mostly  glia.  The  larger  cells  in  the  800-rpm  fractions  are 
similar  in  size  to  the  smaller  cells  in  the  400-rpm  fraction. 
These  cells  of  —50  pm3  are  mostly  smaller  neurons.  Only 


Fig.  2.  Isolation  of  adult  spinal  motor  neurons.  A:  The  majority  of 
cells  (—84%  of  the  total  number  of  cells)  in  the  400-rpm  preparation 
are  NeuN  positive  (green),  demonstrating  that  these  cells  are  neu¬ 
rons.  (Box  delineates  area  shown  in  B).  B:  NeuN  immunofluorescence 
(green)  is  intense  in  the  nuclei  of  these  neurons,  whereas  the  cyto¬ 
plasm  is  labeled  weakly  or  not  labeled.  C:  Propidium  iodide  (PI,  red) 
counterstaining  of  cell  suspensions  immunolabeled  for  NeuN  (identi¬ 
cal  field  as  shown  in  A)  reveals  that  NeuN-positive  cells  exclude  PI. 
Very  small  nonneuronal  glial  cells  are  labeled  with  PI  but  not  for 
NeuN.  D:  PI  staining  identifies  the  glial  cell  nuclei  in  samples  stained 
for  NeuN  (same  field  as  shown  in  B).  E,F:  In  the  400-rpm  cell  sus¬ 
pension,  most  of  the  neurons  (—86%  of  total  NeuN-positive  cells)  and 
72%  of  the  total  cells  are  choline  acetyltransferase  (CAT)  positive  (E). 
CAT  immunoreactivity  is  localized  in  the  perikarya  of  motor  neurons 
with  PI  nuclear  staining  (E,  arrows,  and  F,  red).  G:  Prelabeling 
lumbar  motor  neurons  with  the  retrograde  tracer  DAPI  (blue)  shows 
that  most  of  the  « -motor  neurons  with  sciatic  nerve  axons  sort  into  the 
400-rpm  cell  suspension,  and  they  comprise  —62%  of  the  total  cells. 
H:  Very  few  GFAP-positive  astroglial  cells  are  present,  but  scattered 
GFAP  processes  (blue  staining,  arrows)  are  observed  in  the  400-rpm 
cell  suspension.  Some  astroglial  processes  are  attached  to  large  neu¬ 
rons  (red).  Cell  percentages  are  derived  from  at  least  three  separate 
experiments.  Scale  bars  =  112  pm  in  A  (also  applies  to  C);  28  pm  in 
B  (also  applies  to  D);  18  pm  in  E  (also  applies  to  F);  10  pm  in  G;  12  pm 
in  H. 


Fig.  3.  Viability  of  adult  motor  neurons  in  cell  suspension  over  24 
hours  of  incubation  in  supplemented  Neurobasal-A,  as  evaluated  by 
trypan  blue  staining.  The  number  of  viable  cells  and  the  total  number 
of  cells  (viable  cells  plus  trypan  blue-stained  cells)  were  counted  in  a 
hemocytometer  under  phase  contrast  microscopy.  **,  Significant  dif¬ 
ference  (P  <  0.01);  *,  significant  difference  (P  <  0.05),  both  compared 
with  the  earlier  time  point. 


rarely  are  large,  CAT-positive  or  DAPI-labeled  cells  ob¬ 
served  in  the  cell  suspensions  from  the  800-rpm  fraction. 
In  the  cell  suspensions  from  the  2500-rpm  pellets,  the 
largest  cell  bodies  are  —11  pm3  (which  is  similar  in  size  to 
the  smallest  cells  in  the  800-rpm  fraction).  Tiny  cell  bodies 
and  cellular  processes  are  observed  within  the  2500-rpm 
cell  suspensions.  The  composition  of  the  200-rpm  fraction 
(it  was  too  loose  to  be  a  pellet)  is  heterogeneous  and 
contains  partially  digested  white  matter  with  aggregates 
of  glial  cells.  This  fraction  contains  many  microvessel  frag¬ 
ments  composed  of  endothelial  cells  (cell  body  diameters 
—2.5  X  15  pm)  and  attached  perivascular  cells.  Most  of 
these  cells  have  small  cell  bodies  (volumes  —36.8-50.1 
pm3)  and  appear  to  be  astroglia  as  revealed  by  cresyl 
violet  and  propidium  iodide  staining.  Isolated  cells  that 
appear  to  be  neurons  are  rarely  found  in  the  200-rpm 
fraction,  indicating  that  the  mild  tissue  digestion  was 
effective  and  that  neurons  are  liberated  from  the  tissue 
but  did  not  pellet  after  very  low-speed  centrifugation. 

To  evaluate  the  viability  of  the  motor  neuron  cell  sus¬ 
pensions,  we  used  the  trypan  blue  assay  (Fig.  3).  Immedi¬ 
ately  after  the  preparation  of  the  cell  suspension,  isolated 
motor  neurons  excluded  trypan  blue.  At  6  and  12  hours  of 
incubation,  74%  and  61%  of  motor  neurons  are  viable, 
respectively.  At  24  hours  of  incubation,  37%  of  the  motor 
neurons  still  remain  viable. 

Oxidative  stress  accelerates  the 
degeneration  of  adult  motor  neurons 
in  vitro 

We  evaluated  by  light  and  electron  microscopy  the 
structure  of  adult  motor  neurons  in  cell  suspension  (Fig. 
4A).  Isolated  motor  neurons  are  adendritic  and  axonless. 
The  cell  body  of  control  motor  neurons  is  preserved  after 
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Fig.  4.  Adult  motor  neurons  in  suspension  degenerate  after  expo¬ 
sure  to  oxidative  agents.  A:  Structural  analysis  of  motor  neuron 
degeneration,  a-j:  1-pm-thin  plastic  sections.  a,b:  Motor  neurons 
incubated  for  15  minutes  (a)  and  90  minutes  (b)  in  supplemented 
Neurobasal  medium  under  control  conditions.  The  cells  are  round, 
with  a  nucleus  containing  dispersed  chromatin  surrounded  by  mostly 
intact  cytoplasm,  although  some  vacuoles  are  present.  c,d;  Motor 
neurons  incubated  for  15  minutes  (c)  and  60  minutes  (d)  in  10  pM 
SNP.  At  15  minutes,  the  nucleus  appears  relatively  normal;  however, 
at  1  hour,  the  nucleus  shows  clumping  of  chromatin.  Many  more 
mitochondria  are  swollen  compared  with  control  (see  1).  e,f:  Motor 
neurons  incubated  for  15  minutes  (e)  and  60  minutes  (f)  in  100  pM 
SNP.  At  15  minutes,  the  motor  neurons  are  similar  to  those  seen  at  1 
hour  with  exposure  to  10  pM  SNP,  and  at  1  hour  the  nucleus  shows 
prominent  chromatin  clumping.  g,h:  Motor  neurons  incubated  for  15 
minutes  (g)  and  60  minutes  (h)  in  10  pM  SNP  plus  1  mM  H202.  Motor 
neurons  undergo  both  cytoplasmic  and  nuclear  condensation  at  15 
minutes;  at  1  hour,  the  nucleus  is  condensed  and  the  cytoplasm  then 
becomes  paler,  ij:  Motor  neurons  incubated  for  15  minutes  (i)  and  60 
minutes  (j)  in  100  pM  SNP  plus  1  mM  H202.  The  cytoplasmic  damage 
is  more  severe  compared  with  10  pM  SNP  plus  1  mM  H20.2;  particu¬ 
larly  at  1  hour  it  is  fragmented,  k:  The  ultrastructure  of  time-control 
(90  minutes)  motor  neurons  is  normal.  Most  of  the  mitochondria  are 


intact  and  not  swollen,  and  the  cytoplasmic  matrix  is  enriched  in 
ribosomes  and  rough  endoplasmic  reticulum.  The  nucleus  has  dis¬ 
persed  chromatin.  1:  After  exposure  to  10  pM  SNP  for  1  hour,  the 
cytoplasm  is  dark  and  severely  vacuolated  (corresponding  to  mas¬ 
sively  swollen  mitochondria),  and  the  nucleus  is  condensing,  m:  After 
exposure  to  10  pM  SNP  plus  1  mM  H202  for  15  minutes,  mitochondria 
are  swollen,  and  the  chromatin  is  condensing  at  the  periphery  of  the 
nucleus.  B:  Gel  electrophoresis  analysis  of  DNA  damage  in  motor 
neuron  cell  suspensions.  Motor  neuron  cell  suspensions  were  time- 
controls  or  were  exposed  to  10  pM  SNP  or  10  mM  H202  for  60 
minutes.  Genomic  DNA  was  extracted,  end-labeled  with  digoxigenin, 
fractionated  (1.5%  gel),  and  transferred  to  a  nylon  membrane,  after 
which  DNA  was  visualized  with  antibodies  to  digoxigenin.  Genomic 
DNA  was  intact  in  control  motor  neurons.  In  motor  neurons  treated 
with  NO  donor,  the  genomic  DNA  band  was  slightly  lower  in  size 
compared  with  control.  In  motor  neurons  exposed  to  H202,  genomic 
DNA  was  fragmented  as  a  coexisting  smear-ladder  pattern.  Molecular 
weight  (MW)  standards  (in  base  pairs)  are:  from  top  to  bottom-  2176, 
1766,  1230,  1033,  653,  517,  453,  394,  298,  234,  and  220.  Data  were 
replicated  in  three  experiments.  Scale  bar  (shown  in  a)  =  4.61  pm  in 
a;  4.94  pm  in  b;  3.8  pm  in  c-e;  3.17  pm  in  f;  4.16  pm  in  g;  3.28  pm  in 
h;  4.75  pm  in  i;  2.74  pm  in  j.  Scale  bars  =  2.52  pm  in  k;  3.27  pm  in  1; 
4.68  pm  in  m. 


15  and  90  minutes  of  incubation  in  Neurobasal-A  medium 
(Fig.  4Aa,b,k).  These  cells  are  large  and  round  with  a  large 
nucleus  containing  dispersed  chromatin  throughout  nu- 


cleoplasmic  matrix.  The  cell  membrane  and  the  nuclear 
membrane  are  intact.  Most  mitochondria  are  intact.  A  few 
large  vacuoles  are  present  in  the  cytoplasm  in  some  motor 
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neurons  (Fig.  4Ab).  These  vacuoles  appear  to  be  derived 
from  distended  cisterns  of  the  Golgi  apparatus  or  from 
swollen  mitochondria.  These  data  show  that  motor  neuron 
cell  bodies  appear  healthy  after  isolation  and  brief  incu¬ 
bation  in  culture. 

Isolated  motor  neurons  degenerate  after  exposure  to  NO 
donor  and  NO  donor  +  H202.  After  a  15-minute  exposure 
to  10  pM  SNP,  motor  neurons  exhibit  nascent  chromatin 
condensation  that  is  more  prominent  at  1  hour  of  exposure 
(Fig.  4Ac,d,l).  This  early  chromatin  condensation  along 
the  nuclear  envelope  is  found  at  early  stages  of  apoptosis 
(Portera-Cailliau  et  al.,  1997a).  SNP  also  induces  massive 
swelling  and  degeneration  of  motor  neuron  mitochondria 
(Fig.  4A1).  The  nuclear  condensation  and  chromatin 
clumping  is  much  more  prominent  after  exposure  to  100 
pM  SNP  (Fig.  4Ae,f).  After  exposure  to  the  combination  of 
SNP  +  H202,  both  cytoplasmic  and  nuclear  condensation 
is  obvious  at  15  minutes,  and,  by  1  hour,  the  nuclear 
condensation  is  very  pronounced  (Fig.  4Ag-j,m). 

DNA  damage  in  motor  neurons  caused  by 
H202  and  NO  donors  is  different 

For  a  quick  assessment  of  DNA  damage  in  motor  neuron 
cell  suspensions,  we  used  gel  electrophoresis  (Fig.  4B).  A 
hybrid  of  internucleosomal  fragmentation  and  random 
fragmentation  of  DNA  is  observed  in  motor  neurons  ex¬ 
posed  to  H202  for  60  (Fig.  4B)  and  90  minutes.  In  contrast, 
with  10  pM  SNP,  the  genomic  DNA  retains  a  high  molec¬ 
ular  weight,  although  this  high  molecular  weight  DNA  is 
slightly  lower  than  control  (Fig.  4B).  No  obvious  fragmen¬ 
tation  is  found  in  control  samples  incubated  for  the  same 
time  (Fig.  4B). 

DNA-SSB  are  rapidly  induced  and 
accumulate  in  motor  neurons  undergoing 
oxidative  stress 

To  identify  and  measure  DNA-SSB  in  motor  neurons, 
the  comet  assay  was  used  (Figs.  1,  5A).  A  typical  comet 
viewed  microscopically  consists  of  a  bright  nucleus  and  a 
hazy,  luminous  coma,  that  together  form  the  head  of  the 
comet.  The  tail  can  vary  in  shape  and  length,  ranging  from 
1  to  >1000  pm.  The  specificity  of  this  assay  for  DNA-SSB 
is  determined  by  the  alkaline  conditions  for  cell  lysis,  DNA 
unwinding,  and  gel  electrophoresis  (Singh  et  al.,  1988; 
Kohn,  1991;  Tice  et  al.,  2000).  Performing  the  assay  under 
neutral  conditions  generates  a  distinct  pattern  (Tice  et  al., 
2000;  Liu  and  Martin,  unpublished  observations).  The 
amount  (content)  of  migrating,  damaged  DNA  is  related 
both  to  the  number  of  DNA-SSB  and  the  size  of  the 
strands. 

Motor  neurons  with  intact  genomic  DNA  in  gels  stained 
with  ethidium  bromide  have  an  evenly  stained,  smooth 
round  nucleus  without  a  tail  (Fig.  5Aa),  indicating  no 
DNA-SSB.  In  contrast,  cells  with  DNA-SSB  have  a  tail 
and  a  stained  nucleus  (Fig.  5Aa-e).  Comets  were  classi¬ 
fied  as  new  comets  or  mature  comets.  New  comets  have  a 
very  large,  round,  and  brightly  stained  head  and  a  very 
short  tail  formed  by  DNA  granules  very  close  to  the  head 
(Fig.  13b).  Motor  neurons  with  new  comets  have  nascent, 
very  early  DNA  damage,  presumably  consisting  of  very 
large  DNA  fragments  indicating  few  DNA-SSB  (low  DNA 
damage)  as  quantified  by  the  low  comet  moments  (Table 
1).  Mature  comets  have  longer  tails  and  smaller  heads 
(Fig.  5Ba-e)  and  higher  comet  moments  (Table  1).  Motor 


neurons  with  mature  comets  have  progressive  DNA  dam¬ 
age,  although  the  DNA  damage  in  these  cells  is  still  at  an 
early  stage,  because  the  alkaline  condition  is  favorable  for 
the  unwinding  and  electrophoresis  of  only  DNA-SSB.  Gen¬ 
erally,  the  sizes  of  new  comet  heads  are  larger  than  intact 
cell  nuclei,  indicating  that  the  packaging  of  genomic  DNA 
is  loose  because  of  DNA-SSB  and  consequent  DNA  un¬ 
winding. 

We  first  identified  an  optimal  medium  for  adult  motor 
neurons  by  comparing  DNA  damage  in  cells  incubated  in 
MEM  or  Neurobasal-A  (Fig.  50.  In  control  motor  neurons 
incubated  in  MEM,  —50%  of  these  cells  have  DNA  damage 
by  30  minutes  after  isolation  (Fig.  50;  therefore,  MEM 
does  not  sustain  the  viability  of  isolated  adult  motor  neu¬ 
rons.  In  contrast,  in  control  motor  neuron-enriched  cell 
suspensions  incubated  in  Neurobasal-A  medium,  the  ma¬ 
jority  of  motor  neurons  have  intact  DNA,  although  a  back¬ 
ground  number  of  comets  is  observed  (Fig.  5A,C,D).  The 
number  of  background  comets  is  higher  (P  <  0.05)  at  30, 
60,  and  90  minutes  compared  with  15  minutes  (Fig.  5C,D), 
although  from  15  to  90  minutes  in  Neurobasal-A  medium, 
this  value  remains  at  —10%  or  lower.  Control  samples 
were  also  evaluated  at  4,  6,  8,  and  12  hours  of  incubation. 
Even  at  12  hours  in  Neurobasal-A  medium,  most  of  the 
cells  embedded  in  the  microgels  are  intact.  The  overall  cell 
number  in  microgels  of  untreated  motor  neurons  does  not 
change  appreciably  over  12  hours  of  incubation  (Figs.  6C, 
70.  Meanwhile,  the  comet  patterns  change  slowly  with 
increased  time  in  medium,  indicating  that  DNA  damage  is 
progressing  very  slowly  (Fig.  5A).  In  controls  at  15  min¬ 
utes,  with  the  background  percent  of  comets  —4.4%  (Fig. 
5Aa,b,D),  most  of  the  comets  are  new  comets  with  low 
comet  moments  (—1.4  X  10s;  Table  1).  At  0.5, 1,  1.5,  and  2 
hours  and  even  longer  incubation  times  (4,  6,  8,  and  12 
hours),  the  comets  remain  few  in  number  (Fig.  5D).  The 
comet  heads  are  still  large  and  brightly  stained,  and  the 
tails,  although  longer  than  at  15  minutes,  consist  of  scat¬ 
tered,  granular  DNA  fragments  (Fig.  5Ac-e).  The  comet 
moment  of  these  rare  cells  is  greater  than  at  15  minutes 
(-9.6  X  10s;  Table  1). 

With  a  15-minute  exposure  to  10  mM  H202,  the  number 
of  comets  in  motor  neuron  cell  suspensions  increases  sig¬ 
nificantly  (P  <  0.05)  to  19%,  compared  with  control  (Fig. 
5Ba,D).  These  comets  have  a  large,  round  and  densely 
stained  head  with  a  tail  length  <310  pm  (but  much  longer 
than  the  tail  of  comets  in  the  15-minute  controls;  Fig. 
5Ab).  The  tails  are  formed  of  fine  DNA  granules  and  are 
distinctly  different  from  the  control  comet  tails  formed  by 
large  DNA  granules  (compare  comets  in  Fig.  5Ac  and  Ba). 
This  pattern  (Fig.  5Ba)  reveals  that  by  15  minutes  of 
exposure  to  H202,  the  extent  of  DNA  damage  in  motor 
neurons  is  already  greater  than  control  comets. 

With  30  minutes  of  exposure  to  10  mM  H202,  the  num¬ 
ber  of  comets  increases  compared  with  control  and  15 
minutes  of  H202  exposure  (Fig.  5Bb,c,D).  About  26%  of  the 
motor  neurons  have  DNA  damage.  Two  comet  patterns 
predominate.  Some  comets  have  a  small  head  and  a  long 
(—620  pm),  thin  tail  (Fig.  5Bb,  Table  1)  with  significantly 
greater  comet  moments  (—20.1  X  10r>;  Table  1),  represent¬ 
ing  smaller  DNA  fragments.  Other  comets  have  a  head 
with  an  intensely  stained  core  and  a  halo  as  well  as  a  tail 
longer  than  310  pm  (Fig.  5Bc).  The  tails  are  still  visibly 
granular  with  finer  granules  than  those  motor  neurons 
treated  for  15  minutes  with  H202. 
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Fig.  5.  DNA-SSB  in  motor  neurons  as  revealed  by  the  comet  assay. 
A  A  few  motor  neuron  comets  are  occasionally  observed  in  control 
groups,  a:  Panoramic  view  of  the  cell  distribution  and  a  single  comet 
in  a  microgel  from  a  400-rpm  cell  suspension  incubated  for  15  minutes 
under  control  conditions.  The  cell  nuclei  and  the  comet  are  stained 
with  ethidium  bromide  (red).  Many  large  intact  nuclei  without  comets 
are  seen,  b:  Single  motor  neuron  comet  at  higher  magnification.  The 
comet  consists  of  a  head  and  a  short  tail,  c:  A  motor  neuron  comet  in 
a  1-hour  control  group  with  scattered  large  granules  of  DNA  frag¬ 
ments  in  the  comet  tail,  d:  At  2  hours  in  the  control  groups,  the  comet 
head  is  still  large  and  the  tail  is  still  short  and  is  comprised  of  fine 
DNA  granules,  e:  An  intact  nucleus  and  a  comet  from  a  control  group 
at  4  hours.  The  comet  head  is  still  large  and  the  tail  is  still  short  and 
granular.  B:  Motor  neuron  comets  observed  frequently  after  exposure 
to  10  mM  H202.  a:  After  15  minutes  of  exposure  to  H202,  the  comet 
heads  are  smaller  and  the  tails  longer  than  control  comets,  but  the 
heads  are  more  regular  and  the  tails  shorter  than  those  comets  seen 
after  1  hour  of  exposure  (compare  with  Bd  and  Be).  A  large  intact 
nucleus  is  shown  for  comparison  with  the  comets.  b,c:  Comets  ob¬ 
served  after  30  minutes  of  exposure  to  H202.  A  dense  DNA  core  is 
surrounded  by  a  less  dense  and  reticular  halo  or  coma  of  DNA. 
d,e:  After  60  minutes  of  exposure  to  H202,  the  comet  heads  are  more 
irregular  and  the  tails  are  very  long  (  >620  pm  or  even  longer  than  1 
mm)  and  discontinuous,  f:  After  90  minutes  of  exposure  to  10  mM 
H202,  DNA  damage  is  very  severe  and  nuclei  have  large,  irregular 


fibrous  heads,  indicating  the  unwinding  and  uncoiling  of  genomic 
DNA.  The  tail  of  this  comet  is  short  and  stained  faintly,  indicating  few 
DNA-SSB  remaining.  C:  Evaluation  of  medium  effects  on  spontane¬ 
ous  DNA  damage  in  motor  neurons.  Adult  motor  neurons  were  iso¬ 
lated  and  resuspended  in  minimum  essential  medium  (MEM)  or  sup¬ 
plemented  Neurobasal-A  (Neurobasal-A  ^ )  and  incubated  for  30,  60,  or 
120  minutes.  DNA  damage  (as  reflected  by  comet  number)  is  signifi¬ 
cantly  lower  in  Neurobasal-A  (**,  P  <  0.005  compared  with  MEM  at 
30  minutes).  +,  Significantly  different  (P  <  0.05)  compared  with  30 
minutes  of  MEM.  These  observations  were  replicated  in  three  differ¬ 
ent  experiments.  D:  Histogram  of  the  percentage  of  comets  in  both 
control  and  10  mM  H202-treated  motor  neurons.  Values  are  mean  ± 
SEM.  In  controls,  the  background  number  of  comets  is  significantly 
greater  (  +  ,  P  <  0.05)  at  30,  60,  and  90  minutes  compared  with  15 
minutes.  Exposure  to  10  mM  H202  increases  significantly  (**,  P  < 
0.01)  the  percentage  of  comets  in  motor  neurons  at  15,  30,  and  60 
minutes  compared  with  the  respective  time-controls.  With  60  minutes 
of  exposure  to  10  mM  H202,  the  number  of  comets  is  significantly 
increased  (o,  P  <  0.05)  compared  with  15  minutes  of  exposure.  With 
90  minutes  of  exposure,  the  number  of  comets  decreases  significantly 
compared  with  90  minutes  control  (*,  P  <  0.05)  and  compared  with  60 
minutes  of  H202(oo,  P  <  0.01).  These  observations  were  replicated  in 
three  different  experiments.  Scale  bars  in  A  =  192  pm  in  a;  48  pm  in 
b  (also  applies  to  c-e).  Scale  bars  in  B  =  192  pm  in  a  (also  applies  to 
b  and  d);  48  pm  in  c  (also  applies  to  e  and  f). 


The  DNA  damage  in  motor  neurons  treated  with  H202 
progressed  with  longer  exposure.  With  60  minutes  of  ex¬ 
posure  to  10  mM  H202,  31%  of  motor  neurons  have  comets 
(Fig.  5D).  The  comet  heads  are  small  and  irregular  or  are 
loosely  stained  “ghost”  heads,  and  the  tails  are  generally 
very  long  (>620  pm)  compared  with  30  minutes  of  expo¬ 
sure  (Fig.  5Bd,e).  These  tails  have  a  finely  particulate 
DNA  staining.  Motor  neuron  comets  with  discontinuous 
tails  comprised  of  two  separate  parts  (with  a  total  length 
longer  than  1  mm)  are  seen  frequently  (Fig.  5Bd),  al¬ 
though  both  parts  still  have  very  fine  DNA  granules.  With 
90  minutes  of  exposure  to  10  mM  H202,  the  percentage  of 
comets  decreases  significantly  compared  with  control  and 
60  minutes  of  H202  exposure  (Fig.  5D),  although  the  num¬ 
ber  of  comets  in  the  control  group  at  90  minutes  of  incu¬ 
bation  is  similar  to  controls  at  30  minutes  (Fig.  5D).  Com¬ 
ets  observed  with  90  minutes  of  exposure  to  10  mM  H202 
have  heads  with  loosely  packed  and  fibrous  DNA  and  tails 
that  are  faint  and  short  (Fig.  5Bf).  This  comet  pattern  is 
typical  of  DNA  damage  that  has  advanced  beyond  DNA- 


SSB  to  double-strand  breaks  (Liu  and  Martin,  unpub¬ 
lished  observations). 

Exposure  of  motor  neuron  cell  suspensions  to  1  mM 
H202  gave  surprising  results  (Fig.  6B).  The  percentage  of 
comets  decreased  significantly  to  a  very  low  level  at  15 
minutes,  30  minutes,  and  1,  2,  4,  6,  and  8  hours  (data  are 
not  shown  for  4,  6,  and  8  hours)  compared  with  control 
(Fig.  6B).  The  few  comets  detected  had  a  specific  pattern. 
These  comets  have  a  large,  round  head  and  a  wide  tail 
with  a  neck  (Fig.  9a, b).  The  tail  is  composed  of  very  fine 
granules,  and  the  comet  moment  is  significantly  greater 
than  the  typical  control  comet  moment  (Table  1). 

NO-induced  DNA  damage  in  motor  neurons 
is  dose  and  time  related 

NO  has  been  implicated  in  the  degeneration  of  motor 
neurons  in  individuals  with  ALS  (Beckman  et  al.,  1993) 
and  in  animal  models  (Wu  and  Li,  1993;  Martin  et  al., 
1999a).  By  using  our  cell  suspension  preparation  and  the 


46 


Z.  LIU  AND  L.J.  MARTIN 


TABLE  1.  DNA  Damage!  in  Motor  Neurons  Exposed  to  Oxidative  Stress  In  Vitro  as  Determined  by  Comet  Assay' 


DNA  intensity' 

DNA  intensity 

DNA 

area 

DNA  area 

Traditional 

Comet 

Comet 

— 

ratio 

ratio 

Tail 

comet  moment 

moment 

Treatment 

pattern2 

Head 

Tail 

(tail/head) 

Head 

Tail 

(tail/head) 

length 

(XlO1)1 

(xl0r,)r' 

Control 

b" 

189.5 

12.2 

54.4  ± 

9.7 

0.29  t  0.04 

1550  ± 

296 

2794  854 

1.8  ±  0.4 

81  :t  4 

0.44  ±  0.07 

1.4  ±  0.4 

Control 

(I7 

202,6 

!:  15.6 

72.7 

6.3 

0.36  ±  0.03 

1949  ± 

555 

13264  ±  21 19 

7.3  ±  1.4 

195  ±  24 

1.41  -  0.15 

9.6  ±  1.9 

H,0, 

1  mM 

III 

177.3 

±  15.0 

74.0  ± 

2.6 

0.4  ±  0.02 

2290  ± 

229 

16967  ±  2202 

7.6  ±  1.7 

203  ±  3* 

1.49  ±  0.04* 

12.6  ±  2.1* 

10  mM 

j 

196.7 

±  4.2 

64.1  ± 

3.7 

0.33  ±  0.03 

2621  ± 

438 

31078  ±  3882 

12.2  ±  2.5 

401  -  7*+ 

2.57  ±  0.13*  + 

20.1  ±  3.5*  + 

SNP 

10  fxM 

e 

217.5 

±  6.5 

80.4  ± 

11.3 

0.37  ±  0.05 

3516  ± 

466 

4878  ±  660 

1.4  ±  0.2 

107  ±  5* 

0.86  ±  0.08* 

3.9  ±  0.7* 

10  (j.M 

K 

228.2 

±  0.8 

98.5  ± 

11.5 

0.43  ±  0.05 

2396  ± 

259 

12531  ±  1666 

5.3  ±  0.6 

252  ±  22* 

2.45  ±  0.18* 

12.1  ±  1.0* 

300  jiM 

h 

160.0 

±  18.1 

60.9  ± 

12.0 

0.38  ±  0.06 

2032  ± 

314 

25442  ±  4577 

13.0  ±  2.6 

333  t  18*+ 

2.00  ±  0.34* 

15.5  ±  4.0*  + 

NONOate 

0 

198.7 

±9.8 

62.3  ± 

2.3 

0.32  ±  0.02 

2762  ± 

515 

10783  ±  3018 

4.1  ±  1.2 

230  ±  20* 

1.43  ±  0.11* 

6.7  ±  1.9* 

SNP  +  H202 

1 

115,4 

±  15.7 

49.5  ± 

9.1 

0.45  ±  0.10 

530  ± 

372 

30028  ±  6481 

101.2  ±  64.6 

393  ±  18* 

1.94  ±  0.16* 

15.3  ±  5.9* 

ONOO 

P 

169.8 

±  17.8 

56.6  ± 

8.7 

0.34  ±  0.05 

1280  ± 

455 

27602  ±  3430 

25.5  ±  9.8 

368  ±  20* 

2.08  ±  0.35* 

16.7  ±  3.3* 

'All  values  are  mean  ±  SEM.  significantly  different  IP  <  0.05)  from  control  (b  pattern).  +  ,  significantly  different  IP  <  0.05)  front  lower  concentration. 
"Representative  comet  patterns  are  shown  in  Figure  13  and  are  identified  by  the  corresponding  panel  letter. 

"See  Figure  1  for  delineation  of  comet  head  and  tail. 

"Calculated  from  DNA  intensity(n;i  X  tail  length  (Heilman  et  a!.,  1995). 

"Calculated  from  DNA  intensity^  x  tail  area. 

"Most  frequent  control  comet. 

"infrequent  control  comet,  most  likely  reflecting  rapidly  dying  motor  neuron  due  directly  to  the  isolation  procedure. 


comet  assay,  we  tested  the  hypothesis  that  NO  causes 
DNA  damage  in  motor  neurons.  Two  different  NO  donors 
were  used  for  comparison  (SNP  and  NONOate).  Both  NO 
donors  induce  dose-  and  time-related  DNA  damage  in 
motor  neurons. 

Exposure  to  different  concentrations  of  SNP  for  differ¬ 
ent  durations  induces  DNA-SSB.  Exposure  to  10  pm  SNP 
causes  a  time-dependent  increase  in  the  percent  comets 
from  15  to  60  minutes  (Fig.  6A,B).  Some  of  the  early 
appearing  comets  most  likely  disappeared  between  two 
successive  times  according  to  the  comet  pattern  analysis 
(Fig.  6A).  At  15  minutes,  most  of  the  comets  have  large 
heads,  being  either  packed  densely  or  displaying  a  very 
bright  granular  coma  around  the  head  (Fig.  6Aa,b).  The 
tails,  when  present,  blend  with  the  coma  and  are  granu¬ 
lar,  short,  and  broad.  The  comet  moment  is  low  (—3.9  X 
105;  Table  1).  At  30  minutes,  the  cores  of  most  of  the  comet 
heads  are  smaller  and  the  tails  are  longer  than  those  at  15 


minutes  (Fig.  6Ac,d).  The  number  of  comets  in  the  30- 
minute  SNP-exposed  cells  is  significantly  greater  than 
that  at  15  minutes;  thus  new  comets  are  formed.  After  1 
hour  of  exposure,  the  number  of  comets  further  increases 
(Fig.  6B),  and  their  tails  are  long  (Fig.  6Ae,f).  These  com¬ 
ets  have  higher  moments  (—12.1  X  10s,  Table  1).  At  2 
hours  after  exposure,  the  percentage  of  comets  decreases 
compared  with  1  hour  but  is  still  greater  than  control  (Fig. 
6B).  Interestingly,  most  of  these  comets  have  a  dense  core 
head  with  a  coma,  and  a  broad,  short,  granular  tail,  indi¬ 
cating  they  are  new  comets,  instead  of  matured  comets 
from  60  minutes  (Fig.  6Ag,h).  The  absence  of  significant 
change  in  motor  neuron  number  from  15  minutes  to  2 
hours  of  exposure  to  10  p.M  (Fig.  6C)  indicates  that  many 
of  these  motor  neurons  remain  in  the  cell  suspension  after 
they  transiently  display  their  comet. 

Motor  neurons  exposed  to  100  pM  SNP  show  an  abrupt 
increase  in  the  percentage  of  comets  at  15  minutes,  but 


Fig.  6.  Comet  assay  on  motor  neuron  cell  suspensions  exposed  to 
10  pm  SNP,  1  mM  H202  or  10  pm  SNP  plus  1  mM  H202.  A:  Comet 
profiles  after  exposure  to  10  pm  SNP.  a:  Comets  in  cells  exposed  to  10 
pm  SNP  for  15  minutes  have  bright,  large  heads  and  very  short,  broat^ 
tails  formed  by  large  granules  of  DNA.  b:  A  typical  comet  (from  Aa) 
observed  with  10  pm  SNP  for  15  minutes.  A  nucleus  with  intact  DNA 
is  nearby,  c:  The  comets  in  the  motor  neurons  exposed  to  10  pm  SNP 
for  30  minutes  are  more  numerous  than  at  15  minutes,  and  their  tails 
are  longer,  d:  Typical  comets  (from  Ac)  observed  with  10  pm  SNP  for 
30  minutes,  e:  After  1  hour  of  exposure  to  10  pm  SNP,  the  tails  of 
comets  are  longer  than  the  earlier  time  points,  f:  The  tail  of  a  comet 
(from  Ae)  is  much  longer,  but  still  granular,  g:  The  comets  of  cells 
exposed  to  10  pm  SNP  for  2  hours  have  a  similar  pattern  as  some  of 
the  comets  in  samples  exposed  to  10  pm  SNP  for  1  hour,  but  the  nuclei 
appear  swollen  in  many  cells  compared  with  the  1-hour  exposed 
samples,  h:  Comet  (from  g)  after  exposure  to  10  pm  SNP  for  2  hours 
showing  a  short  tail  that  merges  with  the  comet  of  the  head.  B:  His¬ 
togram  of  comets.  Values  are  mean  ±  SEM.  Compared  with  the 
untreated  control  cells,  the  percentage  of  comets  decreases  signifi¬ 
cantly  (**,  P  <  0.01)  after  exposure  to  1  mM  H202  for  30,  60,  and  90 
minutes.  In  contrast,  10  pm  SNP  induces  a  marked  increase  (**,  P  < 
0.01)  in  the  number  of  comets  at  15,  30,  and  60  minutes  of  exposure 
compared  with  control  cells.  This  increase  in  comets  is  significantly 
(++,  P  <  0.01)  time  related  (e.g.,  15  minutes  vs  30  minutes,  30 
minutes  vs  1  hour,  and  15  minutes  vs  1  or  2  hours).  At  2  hours,  the 
percent  comets  in  10  pm  SNP-exposed  motor  neurons  decreases  sig¬ 


nificantly  (P  <  0.01)  compared  with  1  hour.  After  exposure  of  motor 
neurons  to  10  pm  SNP  plus  1  mM  H202,  the  percent  comets  is 
decreased  significantly  (*,  P  <  0.05  or  **,  P  <  0.01)  at  30  minutes,  1 
hour,  and  2  hours  compared  with  the  corresponding  control  cells. 
Among  the  10  pm  SNP  plus  1  mM  H202  exposure  times,  the  percent 
comets  increases  significantly  (+,  P  <  0.05)  between  1  and  2  hours. 
The  percent  comets  in  the  motor  neurons  exposed  to  10  pm  SNP  is 
significantly  higher  (oo,  P  <  0.01)  than  the  percent  comets  found  with 

1  mM  H202,  or  10  pm  SNP  plus  1  mM  H202  at  30  minutes,  1  hour,  and 

2  hours.  There  is  no  significant  difference  among  corresponding  cells 
exposed  to  1  mM  H202  or  10  pm  SNP  plus  1  mM  H202.  These 
observations  were  replicated  in  three  different  experiments.  C:  His¬ 
togram  of  the  number  of  cells  in  the  comet  assay  microgels.  Value  are 
mean  ±  SEM.  Cell  number  is  not  significantly  different  among  the 
untreated  control  groups  over  2  hours.  Decreases  in  cell  number  are 
found  at  1  hour  (*P  <  0.05)  and  2  hours  {**P  <  0.01)  after  1  mM  H202 
compared  with  15  minutes  after  H202  and  at  1  and  2  hours  after  10 
pm  SNP  compared  with  15  minutes  after  SNP;  however,  no  decreases 
are  found  relative  to  time-matched  controls.  The  most  prominent 
decrease  in  cell  number  is  observed  in  motor  neurons  exposed  to  10 
pm  SNP  plus  1  mM  H202  compared  with  the  corresponding  control 
groups  and  to  treatments  with  either  1  mM  H202  or  10  pm  SNP  alone. 
These  observations  were  replicated  in  three  different  experiments. 
Scale  bars  =  280  pm  in  a  (also  applies  to  c,e,g);  70  pm  in  h  (also 
applies  to  b,d,f). 
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Figure  6 


the  number  of  comets  does  not  change  over  2  hours  (Fig. 
7B).  The  comet  patterns  are  similar  to  those  observed  with 
10  p.M  of  SNP  exposure  (Fig.  7A).  With  brief  exposure  (15 
minutes),  many  of  the  comets  are  new  comets  (Fig.  7Aa,b). 
With  longer  exposure  times,  mature  comets  predominate 
with  corresponding  greater  comet  moments  (Fig.  7Ac,d). 
The  heads  of  these  long-tailed  comets  have  a  very  specific 
profile  (Fig.  7Ad);  notably  they  possess  DNA-poor  foci  in 
the  core.  No  significant  change  occurs  in  motor  neuron 
number  between  15  minutes  to  2  hours  of  exposure  com¬ 
pared  with  time-matched  controls  (Fig.  7C),  further  indi¬ 


cating  that  the  formation  of  comets  comprised  of  DNA- 
SSB  is  transient  and  reflects  early  DNA  damage.  With  2 
hours  of  exposure  to  100  p,m  SNP,  some  nuclei  of  motor 
neurons  are  large,  swollen,  and  vacuolated  (Fig.  7Ae), 
although  some  new  comets  are  present.  These  two  profiles 
reflect  different  stages  of  DNA  damage  during  motor  neu¬ 
ron  degeneration. 

After  exposure  to  300  or  800  |xM  SNP,  the  number  of 
comets  decreases  compared  with  lower  concentrations  of 
SNP,  and  the  decrease  in  cell  density  with  longer  incuba¬ 
tion  is  more  obvious  than  with  lower  dose  exposures  (data 
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not  shown).  With  these  higher  SNP  concentrations,  a  dif¬ 
ferent  type  of  comet  profile  emerges.  The  DNA  staining  of 
the  heads  is  faint  and  loosely  granulated  or  clumped,  and 
the  heads  exhibit  a  range  of  sizes  from  either  large  to  very 
small  (Fig.  7Af-h).  The  tails  are  usually  broad  and  very 
granular,  particularly  for  the  comets  with  the  smaller 
heads  (Fig.  7Af-h).  The  moments  (—15.5  X  10s;  Table  1) 
are  significantly  greater  than  the  moments  for  control  and 
10  pM  SNP. 

Findings  made  with  SNP,  which  is  a  commonly  used  NO 
donor,  were  compared  with  those  caused  by  continuous 
generation  of  NO  from  spermine-NONOate,  which  has  a 
half-life  of  NO  release  of  —4  hours  (Hrabie  et  al.,  1993). 
NONOate  induces  a  concentration-dependent  formation  of 
DNA-SSB  (Fig.  8A,B).  At  10  pM  (Fig.  8B),  the  number  of 
comets  is  significantly  higher  than  control,  but  this  level  is 
relatively  invariant  over  2  hours  of  exposure  (—16-27% 
comets).  NONOate  at  100  p.M  (Fig.  8B)  causes  a  greater 
increase  in  comet  number  that  is  time  dependent,  with 
maximum  formation  of  comets  (—58%)  at  1  hour.  Essen¬ 
tially  all  of  these  comets  are  new  comets  with  moments 
greater  than  the  predominant  control  comet  (Fig.  8 A;  Ta¬ 
ble  1),  consistent  with  the  formation  of  early  DNA-SSB  in 
the  absence  of  cell  loss  (Fig.  8C). 

NO  synergies  with  H202  in  killing  motor 
neurons 

Combined  exposure  to  SNP  and  H202  is  potently  toxic  to 
motor  neurons.  Because  H202  at  a  concentration  of  10  mM 
causes  prominent  DNA  damage  (Fig.  5B,D;  Table  1), 
whereas,  in  contrast,  1  mM  H202  decreases  comet  number 
in  motor  neurons  (Figs.  6B,  7B),  we  evaluated  whether  1 
mM  H2Oz  protected  against  SNP-mediated  damage.  Co¬ 
exposure  to  10  pM  SNP  and  1  mM  H202  induces  promi¬ 
nent  cell  loss  by  15  minutes  (Fig.  6C).  This  loss  of  motor 
neurons  is  found  consistently  through  2  hours.  Many  nu¬ 


clear  fragments  of  motor  neurons  are  found  throughout 
the  microgels  (Fig.  9c-f),  and,  therefore,  the  magnitude  of 
cell  loss  may  be  underestimated.  Some  motor  neurons 
have  new  comets,  whereas  the  DNA  in  other  nuclei  is 
condensed  and  marginated  at  the  periphery  with  the  cen¬ 
ter  of  the  nucleus  low  in  DNA  (Fig.  9d),  indicating  severe 
DNA  damage.  The  heads  of  other  comets  are  very  small 
with  tightly  packed  DNA,  whereas  their  tails  are  compar¬ 
atively  large  and  smear-like  with  a  spindle  shape  and  a 
narrow  neck  between  the  head  and  the  tail  (Fig.  9e,g,h). 
Based  on  the  comet  moment,  the  DNA  damage  is  aug¬ 
mented  (Table  1)  compared  with  10  pM  SNP  comets. 
When  motor  neurons  are  exposed  to  100  pM  SNP  and  1 
mM  H202,  cell  loss  is  rapid  (Fig.  7C),  and  cellular  frag¬ 
mentation  is  more  obvious  (Fig.  9f).  Furthermore,  the 
number  of  comets  is  greater  than  the  number  in  each 
corresponding  time  in  the  10  pM  SNP  plus  1  mM  H202 
groups  (Figs.  6B,  7B). 

ONOO-  induces  DNA-SSB  in  motor  neurons 

Motor  neuron  cell  suspensions  were  exposed  to  ONOO-. 
ONOO-  at  concentrations  of  10  and  100  pM  induced 
DNA-SSB,  as  demonstrated  by  the  significant  increase  in 
the  percent  comets  compared  with  control  (Fig.  10B).  The 
formation  of  DNA-SSB  occurred  rapidly  with  both  concen¬ 
trations  causing  similar  DNA  damage  (Fig.  10A,B)  and 
cell  loss  (Fig.  10C).  The  typical  comets  at  15-30  minutes  of 
exposure  have  long  granular  tails  (Fig.  10Aa,b)  and  high 
comet  moments  (Table  1).  Motor  neurons  exposed  to  10 
pM  ONOO-  for  longer  times  (1  hour)  or  100  pM  ONOO- 
for  shorter  times  (30  minutes)  induced  comets  with  pat¬ 
terns  similar  to  the  comets  induced  by  SNP  +  H202  (Fig. 
10Ac,d),  suggesting  that  ONOO-  is  involved  in  the  syner¬ 
gistic  toxicity  of  NO  donor  and  H202. 

We  used  protein  nitration  to  track  the  presence  of 
ONOO-  in  motor  neurons  (Fig.  11).  High  levels  of  nitrated 


Fig.  7.  Comet  assay  on  motor  neurons  exposed  to  100  pm  SNP,  1 
mM  H202,  and  100  pM  SNP  plus  1  mM  H202.  A:  Comet  profiles  in 
cells  treated  with  100  and  300  pM  SNP.  a:  Panoramic  view  of  cells 
and  comets  after  30  minutes  of  exposure  to  100  pM  SNP.  b:  Two 
comets  (from  a)  with  large  heads,  conspicuous  comas,  and  short  gran¬ 
ular  tails,  c:  A  comet  after  exposure  to  100  pM  SNP  for  1  hour 
displays  a  smaller  head  and  longer  granular  tail  than  those  shown  for 
30  minutes  of  exposure.  An  intact  nucleus  is  seen  at  the  left  of  the 
comet,  d:  Mature  comet  from  cells  exposed  to  100  pM  SNP  for  1  hour 
with  a  head  containing  a  DNA-poor  core  and  a  very  long  tail,  e:  With 
2  hours  of  exposure  to  100  pM  SNP,  comets  can  be  found  with  large 
heads  and  diffuse  comas  and  short  granular  tails,  indicating  DNA 
damage  is  at  an  earlier  stage.  However,  some  nuclear  profiles  are 
large,  swollen,  and  vacuolated.  These  two  patterns  may  reflect  differ¬ 
ent  stages  of  DNA  damage,  f-h:  With  4  hours  of  exposure  to  300  pM 
SNP,  comet  patterns  are  very  distinct.  The  heads  of  the  comets  are 
different  in  their  DNA  quantities  (Table  1).  The  comet  in  f  has  a 
granular  head,  and  the  comet  in  g  has  a  smaller  head  than  that  in  f; 
the  comet  in  h  has  almost  no  head.  The  tails  of  these  comets  are 
composed  of  large  granules  typical  of  the  SNP  pattern.  B:  Histogram 
of  the  number  of  comets  in  microgels.  Values  are  mean  ±  SEM.  The 
percentages  of  comets  in  all  the  groups  exposed  to  100  pM  SNP  are 
significantly  higher  than  in  the  corresponding  control  groups,  demon¬ 
strating  that  SNP  at  this  dose  induces  DNA  damage  in  many  cells. 
The  level  of  significance  is  greater  in  the  15-minute,  30-minutes,  and 

1-hour  groups  . . ,  P  <  0.01)  compared  with  the  2-hour  group  (*,  P  < 

0.05).  Exposure  time-effects  are  not  apparent  with  100  pM  SNP, 
reflecting  that  the  formation  of  DNA-SSB  is  transient  rather  than 
sustained;  thus  comets  appear  and  disappear.  Comet  percentages  in 
cells  exposed  to  100  pM  SNP  plus  1  mM  H20.2  are  increased  signifi¬ 


cantly  at  30  minutes  ( P  <  0.01)  and  1  hour  (P  <  0.05),  compared  with 
untreated  controls,  with  comet  numbers  peaking  at  30  minutes.  With 
100  pM  SNP  plus  1  mM  H202,  the  percentages  of  comets  at  most 
times  (30  minutes,  1  hour,  and  2  hours)  were  significantly  higher  (AA, 
P  <  0.01)  compared  with  the  number  of  comets  in  cells  exposed  to  1 
mM  H202,  but  cells  exposed  to  100  pM  SNP  plus  1  mM  H202  for  15 
minutes  (o,  P  <  0.05)  and  2  hours  (oo,  P  <  0.01)  have  significantly 
lower  percentages  of  comets  compared  with  the  100  pM  SNP  groups. 
At  2  hours  of  exposure  to  100  pM  SNP  plus  1  mM  H202  ,  the 
percentage  of  comets  is  significantly  (#,  P  <  0.05)  lower  compared 
with  1  hour  of  exposure  to  the  same  treatment.  With  30  minutes  of 
exposure  to  100  pM  SNP  plus  1  mM  H202,  the  comet  number  was 
significantly  higher  (  +  ,  P  <  0.05)  than  at  15  minutes.  These  observa¬ 
tions  were  replicated  in  three  different  experiments.  C:  Histogram  of 
cell  number  in  the  comet  assay  microgels.  Values  are  mean  ±  SEM. 
With  1  hour  of  exposure  to  100  pM  SNP  alone,  cell  number  is  lower 
relative  to  15  minutes;  however,  compared  with  time-matched  control 
cells,  cell  number  is  unchanged  after  exposure  to  100  pM  SNP  alone. 
Control  and  1  mM  H202  exposure  groups  are  the  same  as  those  shown 
in  Figure  6C.  A  prominent  loss  of  cells  occurs  at  all  times  after 
exposure  to  100  pM  SNP  plus  1  mM  H202  (**,  P  <  0.01,  for  15  and  30 
minutes;  *,  P  <  0.05  for  1  and  2  hours)  compared  with  their  control 
groups.  Comparison  among  groups  exposed  to  100  pM  SNP  plus  1  mM 
H202  and  groups  exposed  to  100  pM  SNP  shows  that  cell  number  is 
significantly  (oo,  P  <  0.01)  lower  in  the  former  groups  at  15  and  30 
minutes.  Comparison  between  groups  exposed  to  100  pM  SNP  plus  1 
mM  H202  and  groups  exposed  to  1  mM  H202  showed  that  cell  number 
is  significantly  lower  (A,  P  <  0.05;  AA,  P  <  0.01)  in  former  groups  at 
15  minutes,  30  minutes,  and  2  hours.  Scale  bars  -  220  pM  in  a;  55  pM 
in  d  (also  applies  to  b,c,c);  52  pM  in  f  (also  applies  to  g,h). 
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Fig.  8.  Comet  assay  on  motor  neurons  exposed  to  NONOate. 
A:  Comet  profiles  in  cells  treated  with  10  or  100  pM  NONOate. 
a:  Control  cells  treated  with  10  pM  spermine/NO  for  2  hours  show 
few  comets.  b,c:  NO  generation  induces  a  continuous  accumulation  of 
DNA-SSB  in  motor  neuron  comets  after  exposure  to  10  pM  NONOate 
for  1  hour  (b)  or  2  hours  (c).  d:  The  typical  comets  induced  by  10  pM 
NONOate  have  bright,  large  heads  and  short  tails  formed  by  large 
granules  of  DNA.  e,f:  Motor  neuron  comets  after  exposure  to  100  pM 
NONOate  for  30  minutes  (e)  or  1  hour  (f).  g:  The  typical  comets 
induced  by  100  pM  NONOate  have  bright,  large  heads  with  a  prom¬ 
inent  coma  and  very  short,  broad  tails,  h:  Motor  neurons  exposed  to 
100  pM  NONOate  for  2  hours  display  comets  with  very  granular, 


reticulated  heads  and  short,  faint  tails,  indicating  severe  DNA  dam¬ 
age.  B:  Histogram  of  the  number  of  comets  in  microgels  of  motor 
neurons  exposed  to  NONOate.  Values  are  mean  ±  SEM.  *,  Signifi¬ 
cantly  different  ( P  <  0.05)  from  time-matched  control;  A,  significantly 
different  {P  <  0.05)  from  thelO  pM  dose  at  the  same  exposure  time;  +, 
significantly  different  ( P  <  0.05)  from  earlier  time  points.  C:  Histo¬ 
gram  of  cell  number  in  the  comet  assay  microgels.  Values  are  mean  ± 
SEM.  *,  Significantly  different  ( P  <  0.05)  from  time-matched  control; 
+,  significantly  different  ( P  <  0.05)  from  corresponding  30-minute 
value.  Scale  bars  =  140  pm  in  a;  280  pm  in  b  (also  applies  to  c,e,f);  70 
pm  in  d  (also  applies  to  g,h). 
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Fig.  9.  Comets  in  motor  neurons  exposed  to  1  mM  H202  alone  or  1 
mM  H202  plus  different  doses  of  SNP  (10,  100,  or  300  pm),  a:  Most 
nuclei  in  the  cells  exposed  to  1  mM  H202  for  15  minutes  are  large  and 
intact  without  DNA  damage.  The  comets  typically  found  after  expo¬ 
sure  to  1  mM  H202  have  a  large  head  and  short  tail  with  a  narrow 
neck,  b:  After  exposure  to  1  mM  H202  for  6  hours,  the  comet  patterns 
are  similar  to  the  pattern  found  at  15  minutes,  c:  After  exposure  of 
cells  to  100  pm  SNP  and  1  mM  H202  for  15  minutes,  cell  density  is  low 
(see  Fig.  60.  Large  cells  (i.e.,  motor  neurons)  are  particularly  sensi¬ 
tive  to  oxidants.  Some  large  neuronal  comets  have  irregular  heads, 
d:  Two  neuronal  comets  (shown  at  higher  magnification  from  c)  with 
one  comet  having  a  large  round  head  with  a  prominent  coma  and  a 
short,  faint  tail,  and  the  other  comet  having  an  irregular  head,  e:  Ex- 


proteins  are  found  in  motor  neuron  lysates  after  exposure 
to  ONOO-.  Protein  nitration  is  also  found  at  high  levels  in 
motor  neurons  after  exposure  to  SNP  4  H202,  demon¬ 
strating  indirectly  the  formation  of  ONOO-.  Interest¬ 
ingly,  high  levels  of  nitrated  proteins  are  also  detected  in 
motor  neurons  treated  with  NO  donor  alone  (Fig.  11). 
ONOO-  produces  the  most  severe  protein  nitration,  and 
SNP  4  H202  induces  a  similar  pattern,  revealing  the 
presence  of  ONOO-. 

ONOO-  is  formed  from  the  combination  of  NO  and  -  02 
(Beckman  et  al.,  1993);  therefore,  we  suspected  that  iso¬ 
lated  motor  neurons  produce  high  levels  of  endogenous 
-02.  Motor  neurons  were  stained  with  HE  to  detect  -02 
(Fig.  12).  This  experiment  confirmed  that  isolated  motor 
neurons  produce  -02  and  that  a  higher  level  of  -02  pro¬ 
duction  (or  increased  half-life  of  -02)  is  associated  with 
enhanced  DNA  damage  in  motor  neurons  (Figs.  5C,  12E). 

Comet  patterns  in  motor  neurons  reveal  the 
severity  and  progressiveness  of  DNA 
damage  and  suggest  common  mechanisms  of 
neurotoxicity 

Motor  neurons  display  a  variety  of  comet  patterns  (Fig. 
13).  The  nuclei  of  healthy  motor  neurons  are  similar  in 
size  and  DNA  staining  regardless  of  lysis,  unwinding,  and 
electrophoresis  of  DNA.  These  nuclei  are  round  and  are 
stained  very  brightly  (Fig.  13a).  This  type  of  nucleus  is 
found  in  control  groups  at  every  time  point  and  in  groups 
treated  with  1  mM  H202  (early  times,  such  as  15  minutes, 


posure  of  cells  to  100  pm  SNP  and  1  mM  H202  for  15  minutes  also 
produced  another  comet  pattern.  The  heads  of  these  comets  are  very 
small  and  the  tails  are  very  long  with  a  narrow  neck,  indicate  severe 
DNA  damage,  f:  After  cells  were  exposed  to  100  pm  SNP  and  1  mM 
H202  for  15  minutes,  normal  cell  nuclei  are  observed  rarely,  but 
swollen  nuclei  and  nuclear  fragments  containing  DNA  are  observed 
frequently,  g:  Comets  found  after  exposure  to  10  pm  SNP  plus  1  mM 
H202  for  30  minutes  have  pale  DNA  staining  in  the  tail,  h:  A  comet 
(after  exposure  to  300  pm  SNP  plus  1  mM  H202  for  4  hours)  with  a 
head  that  is  fragmenting,  indicating  a  late  stage  of  nuclear  damage 
and  severe  DNA  damage.  Scale  bars  =  140  pm  in  a  (also  applies  to 
e,g,h);  280  pm  in  c  (also  applies  to  b);  70  pm  in  d  (also  applies  to  0. 


30  minutes,  1  hour,  and  2  hours),  10  mM  H202  and  NO 
donor  (15  and  30  minutes),  and  in  motor  neurons  at  5  days 
after  avulsion  (see  below  for  details). 

The  most  frequent  new  comet  pattern  is  one  with  a 
large,  round,  densely  staining  head  and  a  short,  granular 
tail  (Table  1)  consisting  of  large  granules  close  to  the  head 
(Fig.  13b).  The  moment  of  this  comet  pattern  was  low 
(Table  1).  The  majority  of  background  comets  detected  in 
control  motor  neurons  have  this  profile  (even  at  12  hours). 
This  comet  type  occurs  more  frequently  in  motor  neurons 
treated  for  short  durations  (15  minutes)  with  10  mM  H202 
or  10,  100,  300,  or  800  pM  SNP.  Other  new  comets  consist 
of  a  head  with  a  densely  staining  round  core  surrounded 
by  a  dense  DNA  halo  (Fig.  13c)  occasionally  found  in 
control  groups,  or  large  granules  (Fig.  13e)  found  in  NO 
donor-treated  motor  neurons.  The  comet  moment  analysis 
(Table  1)  suggests  that  these  comets  represent  nascent 
DNA  damage  at  few  sites  with  the  formation  of  large  DNA 
single  strands. 

Mature  comets  have  longer  tails  compared  with  new 
comets  (Table  1).  Newly  matured  comets  have  a  large, 
densely  stained  head  and  a  tail  shorter  than  620  pm 
formed  by  scattered  large  granules  (Fig.  13d).  This  type  of 
comet  occurs  occasionally  in  some  untreated  motor  neu¬ 
rons  incubated  from  1  to  12  hours  and  probably  represents 
background  dying  cells  after  dissection  from  spinal  cord 
and  trypsin  digestion.  NO  donor-treated  motor  neurons 
have  a  characteristic  type  of  mature  comet,  appearing 
with  a  large  head  and  very  bright  halo,  and  a  longer  tail 
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Fig.  10.  Comet  assay  on  motor  neurons  exposed  to  ONOO-.  A:  Motor 
neuron  comets  after  exposure  to  10  p.M  ONOO'  for  15  minutes  (a),  30 
minutes  (b),  or  1  hour  (c)  or  to  100  pM  ONOO-  for  30  minutes  (d). 
Note  that  10  jiM  ONOO-  exposure  for  1  hour  induces  motor  neuron 
comets  similar  to  10  pM  SNP  +  1  mM  H202,  whereas  100  pM  ONOO- 
exposure  for  30  minutes  induces  motor  neuron  comets  similar  to  100 
pM  SNP  4-  1  mM  H202.  B:  Histogram  of  the  number  of  comets  in 
microgels  of  motor  neurons  exposed  to  ONOO-.  Vehicles  are  alkaline- 
decomposed  ONOO"  at  the  corresponding  doses.  Values  are  mean  ± 
SEM.  *,  Significantly  different  (P  <  0.05)  from  time-matched  control; 
**,  significantly  different  (P  <  0.01)  from'time-matched  control.  These 
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observations  were  replicated  in  three  different  experiments.  C:  His¬ 
togram  of  motor  neuron  number  in  the  comet  assay  microgels.  Vehi¬ 
cles  are  alkaline-decomposed  ONOO-  at  the  corresponding  doses. 
Values  are  mean  ±  SEM.  *,  Significantly  different  (P  <  0.05)  from 
time-matched  control;  **,  significantly  different  (P  <  0.01)  from  time- 
matched  control;  A,  significantly  different  (P  <  0.05)  from  10-pM  dose 
at  the  same  exposure  time;  +,  significantly  different  (P  <  0.05)  from 
the  30-minute  group.  These  observations  were  replicated  in  three 
different  experiments.  Scale  bars  =  140  pm  in  a;  70  pm  in  b  (also 
applies  to  c,d). 


(—310  pm)  consisting  of  very  scattered  large  granules 
(Fig.  13f,o).  This  comet  morphology  is  found  most  fre¬ 
quently  with  10  pM  SNP  and  NONOate  at  30  minutes  or 
1  hour.  This  pattern  indicates  that  DNA  damage  pro¬ 
gressed  from  the  new  comets,  as  indicated  by  the  greater 
comet  moment  (Table  1). 

The  mature  comet  morphology  is  more  variable  than  with 
the  new  comets.  Mature  comets  can  display  medium-sized 
heads  and  densely  staining,  intermediate  tail  lengths  (>310 
pm).  Some  motor  neuron  comets  have  a  head  with  a  bright 
granular  halo  and  a  wide  granular  tail  as  broad  as  the  head 
coma  (Fig.  13g).  This  type  of  mature  comet  is  also  typical  for 
NO  donor  exposure,  but  the  DNA  damage  is  more  extensive 
compared  with  the  new  comets  observed  with  NO  donors. 


The  DNA-SSB  are  much  more  prevalent  in  these  motor 
neurons  compared  with  motor  neurons  with  new  comets, 
because  the  tail  was  very  broad  and  there  are  many  gran¬ 
ules.  Another  type  of  comet  typical  of  NO  donor  exposure 
(with  higher  dose  and/or  longer  exposure  time)  is  a  very 
progressed  form  (Fig.  13h).  The  head  consists  of  only  scat¬ 
tered  large  granules,  and  the  tail  is  also  composed  of  large 
granules  and  is  long  (—620  pm  or  longer).  This  comet  mor¬ 
phology  is  very  similar  to  the  comets  found  in  motor  neurons 
exposed  to  ONOO-  (Fig.  13p).  Some  of  these  comets  had 
irregular  heads  with  a  blebbing  nucleus  containing  round, 
DNA  masses  similar  to  apoptosis  (Fig.  13k). 

In  motor  neurons  treated  with  10  mM  H20z,  character¬ 
istic  comet  patterns  emerge.  At  30  minutes,  motor  neuron 
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Fig.  11.  Immunoblots  of  nitrotyrosine-modified  proteins  in  motor 
neuron  cell  lysates  after  exposure  to  NO  donors,  H202,  and  ONOO". 
Molecular  mass  markers  (in  kD)  are  indicated  at  right.  Prominent 
increases  in  protein  nitration  occur  after  exposure  of  motor  neurons  to 


SNP,  SNP  +  H202>  NONOate,  and  ONOO".  Vehicle  1  (100  pM 
spermine/NO“)  is  control  for  100  pM  NONOate.  Vehicle  2  (alkaline- 
decomposed  ONOO")  is  control  for  100  p.M  ONOO". 


comets  have  a  densely  staining  core  in  the  head  and  a 
circular  profile  of  DNA  around  the  core  (Fig.  13i).  These 
heads  are  much  smaller  than  the  new  comet  heads  with 
this  halo  pattern  (Fig.  13c).  The  tails  consisted  of  fine 
granules,  indicating  that  the  DNA-SSB  are  numerous  and 
the  lengths  of  the  DNA  single  strands  in  the  tail  are 
shorter  than  those  in  the  comets  typically  found  with  SNP. 
In  motor  neurons  treated  with  10  mM  H202  for  longer 
times  (30  minutes  or  1  hour),  comets  have  a  small  densely 
stained  head  and  thin,  long  tails  (620  p.m  or  longer)  con¬ 
sisting  of  fine  granules  (Fig.  13j).  Apparently,  the  DNA 
damage  progressed  further,  and  the  single  strands  of  DNA 
fragments  are  more  numerous  and  shorter  (Table  1). 

In  motor  neurons  exposed  to  1  mM  H2Oz,  there  is  a 
specific  neuronal  comet  pattern,  in  the  presence  of  de¬ 
creased  comet  numbers.  The  head  is  large  and  round, 
typical  of  neuronal  comets.  The  tail  of  these  comets  has  a 
narrow  neck,  and  the  broad  part  of  the  tail  is  short  and 
consists  of  very  fine  granules  (Fig.  13m).  The  large  part  of 
the  tail  may  consist  of  short  DNA  single  strands  because 
they  appear  as  fine  particles  rather  than  large  granules. 
The  DNA  damage  may  accumulate  very  rapidly  and  then 
cease,  consistent  with  the  shape  of  the  broad  tail  with  a 
narrow  neck. 

Two  typical  types  of  comets  are  observed  in  motor  neu¬ 
rons  exposed  to  SNP  and  H202,  with  severe  nuclear  DNA 
damage.  One  comet  profile  has  an  irregular  head,  display¬ 
ing  either  nuclear  blebbing  with  round,  apoptotic-like 
chromatin  masses  (Fig.  13k)  or  fragmentation  (data  not 
shown).  Another  comet  pattern  has  very  small  heads,  and 
the  tails  are  very  long  with  a  neck  (Fig.  131).  Most  of  the 
comets  associated  with  cells  exposed  to  SNP  plus  H202  are 
stained  incompletely  and  faintly  with  ethidium  bromide. 
This  comet  pattern  is  similar  to  a  pattern  found  under 
neutralized  elution  conditions  (data  not  shown)  and  thus 
may  reflect  some  double-stranded  DNA  breaks. 


Motor  neurons  accumulate  DNA-SSB  in  vivo 

early  after  injury  and  the  comet  pattern  is 
similar  to  DNA  damage  induced  by  NO 
donor  exposure  in  vitro 

The  comet  assay  was  applied  to  an  in  vivo  model  of 
motor  neuron  degeneration  (Fig.  14;  Table  2).  At  5  days 
after  unilateral  sciatic  nerve  avulsion,  many  (26%)  lumbar 
motor  neurons  from  the  lesioned  side  have  comets  (Fig. 
14B),  but  very  few  motor  neurons  (1.8%)  from  the  unle- 
sioned  side  have  comets.  The  heads  of  these  motor  neuron 
comets  are  large,  round  and  bright,  and  the  tails  are  very 
short  (Table  2)  and  consist  of  scattered  large  granules 
close  to  the  heads  (Fig.  14Aa,b).  The  comet  moment  is  low 
(—1.6  x  105;  Table  2).  Motor  neurons  at  5  days  did  not 
have  an  apoptotic  nuclear  morphology  based  on  ethidium 
bromide  staining  and  previous  observations  (Martin  et  al., 
1999a). 

At  7  days  after  sciatic  nerve  avulsion,  the  number  of 
motor  neuron  comets  in  the  lesioned  side  of  spinal  cord 
increases  significantly  (35%,  P  <  0.05)  compared  with  5 
days  (Fig.  14B).  The  comet  moment  also  increases  com¬ 
pared  with  5  days  (Table  2),  indicating  a  progressive  for¬ 
mation  of  DNA-SSB.  These  comets  have  large  heads  and 
short  granular  tails  that  are  longer  than  those  at  5  days 
(Fig.  14Ac,d;  Table  2).  These  comets  appear  as  intermedi¬ 
ates  between  control  comets  (Fig.  13b  or  d)  and  comets 
from  motor  neurons  exposed  to  NO  donors  (Fig.  13e  or  f), 
but  they  are  most  similar  to  NO  donor-induced  new  com¬ 
ets  (Fig.  13e).  Thus,  both  the  number  of  motor  neurons 
with  DNA  damage  and  the  extent  of  DNA-SSB  in  these 
motor  neurons  increase  between  5  and  7  days  after  sciatic 
nerve  avulsion.  Motor  neurons  at  7  days  did  not  exhibit 
apoptotic  nuclear  features  (e.g.,  chromatin  condensation 
into  round  clumps)  based  on  ethidium  bromide  staining 
and  previous  evaluations  (Martin  et  al.,  1999a).  No  comets 
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Fig.  12.  Detection  of  endogenous  ~02  in  living  motor  neurons. 
A-D:  HE  staining  of  motor  neurons  incubated  in  minimum  essential 
medium  (MEM)  (A,  B)  or  supplemented  Neurobasal-A  (C,  D)  for  30 
minutes  prior  to  the  detection  of  ~02.  Panel  pairs  (A,  B  and  C,  D)  are 
the  same  cells  viewed  under  different  emission  filters.  Blue  (A,  C) 
indicates  unconverted  HE  and  red  (B,  D)  reveals  “02  converted  dye. 
~02  production  is  greater  in  the  MEM-incubated  motor  neurons. 


are  found  with  motor  neurons  from  the  unlesioned  side  at 
7  days  post  lesion. 

Subsets  of  lumbar  motor  neurons  (23%)  on  the  lesioned 
side  have  comets  at  10  days  after  sciatic  nerve  avulsion 
(Fig.  14).  Many  of  these  comets  have  heads  with  a  coma 


E:  Histogram  of  the  comparison  of  “02  production  in  isolated  motor 
neurons  incubated  in  MEM  or  Neurobasal-A  (with  supplements)  for  0 
minutes  (immediately  after  isolation),  30  minutes,  or  1  hour.  ~02l 
production  is  significantly  greater  (**,  P  <  0.001)  in  MEM-incubated 
motor  neurons  at  30  minutes  and  1  hour.  Scale  bar  =  50  pm  in  a  (also 
applies  to  b-d). 


and  a  short  granular  tail  (Fig.  14Ae).  Other  comets  have  a 
small  head  or  no  head  and  a  much  longer  tail  (as  long  as 
1240  pirn;  Fig.  14Ag,f;  Table  2).  These  comet  patterns  (Fig. 
14Ae,g)  are  similar  to  comets  in  motor  neurons  induced  by 
SNP  (Fig.  13f,  h).  The  heads  of  many  of  these  comets  have 
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Fig.  13.  Gallery  of  neuronal  comet  patterns  observed  by  single-cell  SNP  (300  or  800  p.M)  or  to  100  pM  SNP  and  NONOate  for  a  longer 
gel  electrophoresis  and  ethidium  bromide  staining,  a:  A  large  intact  time  (2-4  hours).  The  heads  are  small  and  granular  and  the  tails 

motor  neuron  nucleus.  The  DNA  is  stained  brightly,  but  no  comet  is  consist  of  very  large  granules,  i:  A  comet  with  a  distinct  head  consist- 

present.  b:  A  typical  new  comet  with  a  large  head  and  a  very  short  ing  of  a  halo  surrounding  a  core  (from  cells  exposed  to  10  mM  H202  for 

tail,  consisting  of  a  few  large  granules.  This  type  of  comet  appears  30  minutes),  j:  A  comet  with  a  small  head  and  very  long  thin  tail  found 

infrequently  as  background  comets  in  control  cells  and  much  more  in  cells  exposed  to  10  mM  H202  for  30  or  60  minutes,  k:  Comets  with 

frequently  in  cells  exposed  to  10  pM  SNP  for  a  short  time  (15  min-  irregular  heads  and  faintly  staining  tails  are  observed  in  motor  neu- 

utes),  and  in  lumbar  motor  neurons  at  5  days  after  sciatic  nerve  rons  exposed  to  100  pM  (or  10  pM)  SNP  plus  1  mM  H202  for  15 

avulsion,  c:  A  comet  with  a  head  surrounded  by  a  halo  and  a  very  minutes,  30  minutes,  or  1  hour.  I:  A  comet  from  SNP  +  H202  (1  mM) 

short  tail,  d:  A  comet  with  a  longer  tail  consisting  of  scattered  large  exposed  (1  hour)  motor  neurons  with  a  head  that  is  very  small  and  a 

granules.  This  comet  type  is  observed  occasionally  in  control  samples  tail  that  is  very  long  with  a  narrow  faintly  stained  neck.  This  comet  is 

incubated  for  >2  hours,  indicating  slowly  accumulated  DNA  damage.  in  a  field  of  swollen  nuclei  or  nuclear  fragments,  m:  Comets  from  cells 

e:  Comets  with  a  large  intensely  staining  head  surrounded  by  a  very  exposed  to  1  mM  H202  for  15  minutes  show  a  typical  pattern.  This 

bright  coma.  These  comets  are  often  observed  in  neurons  exposed  to  pattern  is  a  large  head  and  a  short  broad  tail  with  a  short  neck. 

10  pM  SNP  and  NONOate  and  in  lumbar  motor  neurons  at  10  days  n:  Comet  from  cells  exposed  to  1  mM  H202  in  MEM.  o:  Most  common 

after  sciatic  nerve  avulsion,  f:  Comets  (more  mature  than  those  show  comet  morphology  found  with  motor  neurons  after  exposure  to 
in  e)  with  a  bright  head  and  coma  and  a  longer  tail  formed  by  very  NONOate  (10  pM).  Note  the  similarity  to  SNP-exposed  motor  neurons 

scattered  large  granules.  This  is  the  typical  pattern  of  comets  in  motor  (see  f  and  g).  p:  Most  common  comet  morphology  in  motor  neurons 

neurons  exposed  to  NO.  g:  Comets  with  a  dissipating  head  and  broad  exposed  to  ONOO  (10  pm)  for  15-30  minutes.  This  comet  pattern  is 

tail  composed  of  more  densely  distributed  granules.  This  is  a  mature  similar  to  the  pattern  found  with  higher  dose  SNP  or  longer  time 

comet  pattern  (from  the  comets  shown  in  e  or  f)  observed  in  cells  exposure  to  lower  doses.  Scale  bars  =  49  pm  in  a  (also  applies  to  b-i, 

exposed  to  lower  concentrations  of  NO  donor  (10  pM  SNP  and  NONO-  k,m-p);  98  pm  in  1  (also  applies  to  j). 

ate),  h:  Typical  comet  pattern  with  cells  exposed  to  higher  doses  of 


a  nucleus  round  aggregates  of  chromatin  typical  of  apo-  cipita ted  at  400  rpm.  Comets  are  found  in  the  800-rpm  cell 
ptosis  (Fig.  14Af),  and  the  tails  are  still  comprised  of  large  suspensions,  particularly  at  10  days  after  avulsion  (Fig. 
granules,  though  they  are  finer  than  those  at  5  and  7  days.  MAh).  No  comets  are  observed  in  the  400-  and  800-rpm 
These  cells  have  the  greatest  comet  moments  (Table  2),  cell  suspensions  from  ventral  horns  of  the  unlesioned  spi- 
indicating  accumulated  DNA  damage  in  apoptotic  motor  nal  cord  at  10  days  post  lesion.  At  14,  20,  and  28  days  after 
neurons  at  10  days  after  sciatic  nerve  avulsion.  sciatic  nerve  avulsion,  no  comets  are  observed  in  motor 

The  800-rpm  cell  suspension  was  also  evaluated  to  iden-  neurons  from  either  ipsilateral  or  contralateral  lumbar 
tify  motor  neurons  with  comets,  because  these  cells  may  ventral  horns,  despite  the  presence  of  apoptotic  profiles 
be  lighter  after  advanced  DNA  damage  and  are  not  pre-  ipsilatcrally  at  these  times. 
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Days  Post  Lesion 

Fig.  14.  DNA-SSB  occur  in  motor  neurons  after  unilateral  sciatic 
nerve  avulsion.  A:  Motor  neuron  comets  after  unilateral  sciatic  nerve 
avulsion,  a:  At  5  days  post  lesion,  the  comet  heads  are  large  and 
round,  and  the  tails  are  very  short,  b:  A  typical  5-day  comet  (from  a) 
with  a  short  tail,  c:  At  7  days  post  lesion,  the  comet  heads  are  large 
and  the  tails  are  longer  than  at  5  days,  indicating  the  accumulation  of 
DNA-SSB.  d:  A  typical  7-day  comet  (from  c)  with  a  tail  that  is  formed 
by  scattered,  large  DNA  granules.  These  comets  are  very  similar  to 
those  produced  by  SNP  but  not  H202.  e-g:  At  10  days  the  similarities 
between  the  comets  produced  by  axotomy  and  those  produced  by  SNP 
become  much  more  prominent.  The  comets  shown  in  e  have  heads 
with  a  granular  coma  and  granular  tails  similar  to  the  comets  found 
in  cells  exposed  to  10  or  100  pM  SNP.  Some  comets  have  an  irregular 


head  and  a  granular  tail  (shown  in  f).  Other  comets  (shown  in  g)  have 
longer  tails  formed  by  scattered  large  granules,  h:  At  10  days  after  the 
lesion,  motor  neurons  comets  can  be  found  in  the  800-rpm  cell  sus¬ 
pensions.  These  comets  have  long  tails,  indicating  accumulation  of 
many  DNA-SSB.  B:  Percent  comets  in  lumbar  motor  neuron  cell 
suspensions  (400-rpm  preparations)  from  the  lesioned  side  of  the 
spinal  cord.  The  percentage  of  comets  (compared  with  the  total  num¬ 
ber  of  large  cells  embedded)  increased  significantly  (*,  P  <  0.05) 
between  5  days  (5D)  and  7  days  (7D)  post  lesion  (with  significantly 
more  comets  at  7  days  compared  with  5  days)  and  then  decreased  at 
10  days  (10D)  post  lesion.  Scale  bars  =  140  pm  in  a  (also  applies  to 
c,h);  70  pm  in  g  (also  applies  to  b,d-f). 
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TABLE  2.  DNA  Damage  in  Motor  Neurons  After  Sciatic  Nerve  Avulsion  as  Determined  by  Comet  Assay1 


Survival 
time  (days) 

Comet 

pattern2 

DNA  intensity3 

DNA  intensity 
ratio  (tail/head) 

DNA  area 

DNA  area  ratio 
(tail/head) 

Tail 

length 

Traditional 
comet  moment 
(XlO4)4 

Comet 

moment 

(X10s)5 

Head 

Tail 

Head 

Tail 

5 

b 

201.4  ±  17.4 

70.4  ±  21.9 

0.344  ±  0.086 

988  ±  143 

2338  ±  985 

2.33  ±  0.79 

64  ±  17 

0.43  ±  0.15 

1.6  ±  0.8 

7 

d 

219.6  ±  7.1 

92.1  ±  9.3 

0.420  ±  0.042 

2138  ±  303 

9136  ±  1554 

4.32  ±  0.84 

265  ±  20* 

2.42  ±  0.19* 

8.5  ±  1.6* 

10 

f 

168.7  ±  16.2 

70.6  ±11.2 

0.421  ±  0.061 

2882  ±  1607 

25377  ±  7860 

11.44  ±  4.55 

322  ±  lO* 

2.26  ±  0.33 

18.9  ±  8.5* 

lAll  values  are  mean  i  SEM.  *,  significantly  different  (P  <  0.05)  from  earlier  time  point. 

2Representative  comet  patterns  are  shown  in  Figure  14A  and  are  identified  by  the  corresponding  panel  letter. 
3See  Figure  1  for  delineation  of  comet  head  and  tail. 

4Calculated  from  DNA  intensity^  x  tail  length  (Heilman  et  al.,  1995). 

Calculated  from  DNA  intensity^  x  tail  area. 


DISCUSSION 

This  study  evaluates  mechanisms  of  motor  neuron 
degeneration.  We  studied  the  formation  of  DNA  damage 
in  motor  neurons  because  of  the  selective  vulnerability 
of  these  cells  in  ALS.  This  study  is  novel  for  several 
reasons.  First,  we  developed  a  new  approach  to  study 
adult  motor  neurons.  Second,  we  characterized  a  new 
assay  to  study  DNA  damage  in  motor  neurons.  Third, 
we  found  that  degenerating  adult  motor  neurons  in 
vitro  rapidly  accumulate  SSB  in  DNA  after  exposure  to 
oxidative  stress.  Specifically,  we  found  that  H202,  NO, 
and  ONOO-  are  potent  inducers  of  DNA-SSB  in  motor 
neurons  and  that  ONOO-  formation  is  a  major  final 
common  mediator.  Fourth,  by  extending  the  analysis  to 
motor  neuron  degeneration  in  an  animal  model,  we 
found  that  DNA-SSB  accumulate  early  during  the  pro¬ 
gression  of  motor  neuron  apoptosis  in  vivo.  Fifth,  the 
early  DNA  damage  fingerprint  in  motor  neurons  des¬ 
tined  to  undergo  apoptosis  in  vivo  (Martin  et  al.,  1999a) 
has  a  pattern  similar  to  NO  and  ONOO-  toxicity  in 
vitro. 

Adult  motor  neurons  can  be  studied  in  vitro 

We  developed  a  new  model  system  to  study  motor  neu¬ 
ron  degeneration.  Motor  neurons  from  adult  spinal  cord 
cannot  be  cultured;  therefore,  we  created  a  short-term, 
motor  neuron-enriched  cell  suspension  isolated  from  spi¬ 
nal  cord  ventral  horn  enlargements  of  adult  rat.  This 
method  is  an  important  technical  advancement  in  the 
study  of  motor  neurons.  After  digestion  of  ventral  horn 
tissue  columns  in  trypsin,  adult  motor  neurons  are  iso¬ 
lated  by  centrifugation,  yielding  a  motor  neuron-enriched 
cell  suspension.  The  motor  neuron  enrichment  of  this  cell 
system  was  confirmed  by  immunophenotyping  (e.g.,  CAT 
and  NeuN),  retrograde  tracing,  and  electron  microscopy. 
These  motor  neurons  become  spherical  and  are  viable 
after  dissociation  and  isolation.  The  majority  of  these  mo¬ 
tor  neurons  remain  viable  over  short-term  incubation  (up 
to  12  hours  after  isolation),  and  —40%  of  these  cells  are 
still  viable  at  24  hours  of  incubation  in  supplemented 
Neurobasal  medium. 

An  important  aspect  of  this  cell  system  is  that  the  motor 
neurons  are  initially  viable  after  their  isolation,  and  then 
viability  is  lost  progressively.  This  loss  of  viability  is  as¬ 
sociated  with  the  formation  of  vacuoles  within  the  cyto¬ 
plasm.  Our  electron  microscopic  data  reveal  that  these 
vacuoles  are  likely  to  be  derived  from  degenerating  mito¬ 
chondria.  Early  after  isolation  when  these  cell  suspen¬ 
sions  are  exposed  to  H202,  NO,  and  ONOO  ,  the  motor 
neurons  rapidly  degenerate.  Thus,  this  in  vitro  system  can 


be  used  to  study  accelerated  motor  neuron  degeneration  in 
suspensions  exposed  to  toxins  and  slower  motor  neuron 
degeneration  in  untreated  cell  suspensions.  This  isolation 
technique  for  adult  motor  neurons  can  be  applied  success¬ 
fully  to  paradigms  of  in  vivo  motor  neuron  injury  (e.g. 
axotomy)  to  understand  mechanisms  of  motor  neuron  de¬ 
generation.  However,  the  relatively  short  viability  of  adult 
motor  neurons  in  suspension  is  a  distinct  limitation  of  the 
model,  and  attempts  to  extend  their  viability  are  under 
way. 

This  acute  model  of  adult  rat  spinal  motor  neuron  de¬ 
generation  is  relevant  to  ALS.  Despite  the  acute  para¬ 
digm,  the  system  can  be  used  to  identify  disease  mecha¬ 
nisms  that  may  be  operational  in  ALS.  For  instance, 
motor  neuron  degeneration  in  ALS  has  been  identified  to 
be  a  form  of  apoptosis  (Martin,  1999)  that  may  be  induced 
by  the  accumulation  of  DNA  damage  and  mediated  by  p53 
(Martin,  2000a, b).  The  degeneration  of  adult  motor  neu¬ 
rons  in  our  model  has  some  structural  features  in  common 
with  the  degeneration  of  motor  neurons  in  ALS  (Martin, 
1999),  and  this  degeneration  may  be  a  form  of  apoptosis. 
Morphological  (nuclear  condensation)  and  biochemical  (in- 
ternucleosomal  fragmentation  of  DNA)  indices  of  apopto¬ 
sis  were  detected  in  motor  neurons  exposed  acutely  to  NO 
donors  or  H202.  The  accelerated  neurodegeneration  is 
strikingly  similar  to  the  motor  neuron  degeneration  found 
in  transgenic  mice  with  forced  expression  of  SOD1  muta¬ 
tions  (Dal  Canto  and  Gurney,  1994)  identified  in  individ¬ 
uals  with  familial  ALS  (Deng  et  al.,  1993;  Rosen  et  al., 
1993).  Interestingly,  motor  neuron  degeneration  in  pa¬ 
tients  with  familial  ALS  is  accelerated  compared  with 
individuals  with  sporadic  ALS.  As  in  our  acute  model  of 
motor  neuron  degeneration,  the  degeneration  of  motor 
neurons  in  familial  ALS  may  be  mediated  by  the  forma¬ 
tion  of  ONOO”  (Beckman  et  al.,  1993).  Our  in  vitro  motor 
neuron  system  is  very  different  from  cultured  embryonic 
motor  neurons  (Henderson  et  al.,  1995).  However,  our 
interest  is  in  evaluating  mechanisms  of  degeneration  of 
adult  motor  neurons  and  effects  of  ROS  on  DNA  stability 
in  motor  neurons  because  of  the  relevance  to  ALS,  which 
is  an  adult-onset  disease.  Furthermore,  neurodegenera¬ 
tion  can  vary  depending  on  neuronal  maturity  (Portera- 
Cailliau  et  al.,  1997),  and  DNA  repair  capacity  displays 
age-related  differences  in  the  CNS  (Subba  Rao,  1993).  We 
were  interested  specifically  in  determining  whether  H202, 
NO,  and  ONOO  cause  DNA-SSB  in  mature  motor  neu¬ 
rons  and  whether  DNA-SSB  occur  early  during  the  in  vivo 
progression  of  motor  neuron  apoptosis  in  the  adult  spinal 
cord. 
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Comet  assay  is  a  feasible  method  for 
measuring  DNA  damage  in  neurons 

We  demonstrate  for  the  first  time  the  usefulness  of  the 
single-cell  gel  electrophoresis  method  (comet  assay)  for 
identifying  and  measuring  the  occurrence  and  progression 
of  early  DNA  damage  in  individual  motor  neurons  that  are 
injured  by  ROS  in  vitro  and  axotomy  in  vivo.  Damage  to 
DNA  occurs  in  many  forms.  At  least  six  general  types  of 
DNA  are  known,  such  as  apurinic/apyrimidinic  sites,  al¬ 
tered  bases,  thymidine  dimers,  crosslinks,  double-strand 
breaks,  and  SSB  (Subba  Rao,  1993).  The  comet  assay  is  an 
established  method  for  identifying  strand  breaks  in  DNA 
(Singh  et  al.,  1988;  Kindzelskii  and  Petty,  1999;  Morris  et 
ah,  1999),  and  its  validation  has  been  described  (Tice  et 
ah,  2000).  Based  on  the  principles  of  alkaline  elution 
(Kohn,  1991),  the  comet  assay  is  the  most  sensitive 
method  available  for  detecting  DNA-SSB  in  individual 
cells  (Ostling  and  Johanson,  1984;  Singh  et  ah,  1988; 
Heilman  et  ah,  1995;  Kindzelskii  and  Petty,  1999;  Morris 
et  ah,  1999).  The  comet  assay  is  sensitive  enough  for 
detecting  one  break  per  2  X  1010  daltons  of  DNA  (Singh  et 
ah,  1988).  The  exquisite  sensitivity  of  this  assay  is  re¬ 
vealed  further  by  the  detection  of  subtle  DNA-SSB  in  a 
small  percentage  of  untreated  control  motor  neurons.  A 
low  level  of  spontaneous  comets  is  found,  but  this  DNA 
damage  is  not  resolved  in  standard  DNA  gels,  thus  con¬ 
firming  that  the  comet  assay  is  a  sensitive  method  for 
detecting  early  DNA  damage  in  individual  cells.  Comet 
formation  in  this  small  subset  of  control  cells  is  related 
possibly  to  damage  during  isolation  and  to  excessive  gen¬ 
eration  of  ~02.  In  fact,  we  found  that  these  isolated  motor 
neurons  generate  ~02. 

The  comet  assay  has  advantages  over  other  more  fre¬ 
quently  used  methods  for  detecting  DNA  damage  (e.g., 
nick-end  labeling  methods  such  as  TUNEL)  because  it 
reveals  the  type  of  DNA  damage  (e.g.,  SSB,  double-strand 
breaks,  and  alkali  labile  sites)  depending  on  conditions. 
Furthermore,  assays  for  single-stranded  DNA  are  more 
sensitive  and  specific  than  TUNEL  for  apoptosis  (Frank¬ 
furt  et  ah,  1996).  Moreover,  the  types  of  DNA  damage 
detected  by  the  comet  assay  and  TUNEL  are  distinct,  with 
TUNEL  detecting  late-stage  DNA  fragmentation  (Frank¬ 
furt  et  ah,  1996).  We  have  confirmed  indirectly  the  sensi¬ 
tivity  of  comet  assay  detection  of  DNA-SSB  as  an  early 
and  sensitive  marker  for  apoptosis.  We  observed  that 
DNA-SSB  are  visualized  prominently  in  avulsed  motor 
neurons  at  least  2  days  before  the  detection  of  DNA  frag¬ 
mentation  by  TUNEL  (Martin  et  ah,  1999a)  and  5  days 
before  round  DNA-containing  aggregates  are  detected  in 
the  nucleus  (Fig.  14f).  Moreover,  in  motor  neurons  ex¬ 
posed  to  oxidative  stress,  DNA-SSB  are  detected  promi¬ 
nently  prior  to  morphological  evidence  for  chromatin 
condensation  and  electrophoretic  detection  of  internucleo- 
somal  DNA  fragmentation  (Fig.  4).  Another  benefit  of  the 
comet  assay  is  that  comets  can  be  analyzed  by  visually 
dividing  them  into  categories  or  stages  of  DNA  damage,  by 
measuring  tail  length,  and  by  digital  image  analysis  of 
comets  for  DNA  intensity  and  comet  moment.  We  conclude 
that  the  comet  assay  is  a  feasible  approach  to  quantify 
specific  types  of  DNA  damage  in  single  neurons  induced 
by  neurotoxic  agents  and  traumatic  injury  in  vitro  and  in 
vivo. 


H202  has  dose-related  effects  on  the 
formation  of  DNA-SSB  in  adult 
motor  neurons 

We  show  that  motor  neurons  are  highly  vulnerable  to 
oxidative  stress  by  rapidly  accumulating  DNA  damage. 
Motor  neurons  are  sensitive  to  H202.  DNA-SSB  are  in¬ 
duced  prominently  by  H202,  as  evidenced  by  the  increase 
in  comet  percentage  and  comet  moment  as  well  as  the 
comet  patterns.  The  concentration  of  H202  that  induced 
DNA-SSB  is  relatively  high  (10  mM),  possibly  because  we 
used  Neurobasal-A  medium  that  is  free  of  potentially  toxic 
ferrous  ions  (Brewer  et  ah,  1993).  Lower  concentrations  of 
H202  (1  mM)  did  not  generate  much  DNA  damage  in  this 
medium.  Previous  studies  have  shown  that  H202  induces 
DNA  damage  in  leukocytes  (Singh  et  ah,  1988;  Kindzelskii 
and  Petty,  1999),  HeLa  cells  (Szmigiero  and  Studzian, 
1988),  and  fibroblasts  (Horvathova  et  ah,  1999).  SSB  are 
the  predominant  form  of  DNA  damage  produced  by  H202, 
with  the  ratio  of  double-strand  to  single-strand  DNA 
breaks  estimated  to  be  1  to  2000.  This  is  the  first  demon¬ 
stration  of  the  formation  of  DNA-SSB  in  motor  neurons 
after  exposure  to  H202.  Based  on  the  comet  analysis  ob¬ 
tained  at  15,  30,  and  60  minutes  of  exposure  to  10  mM 
H202,  a  progressive  accumulation  of  DNA-SSB  occurs  in 
motor  neurons.  Our  quantitative  analysis  shows  that  the 
DNA  content  in  the  heads  becomes  lesser  (the  heads  be¬ 
come  smaller)  and  the  DNA  content  in  the  tails  becomes 
greater  (the  tails  become  longer);  thus,  there  is  a  shift  to 
the  mature  comet  pattern  as  the  comet  moment  increases. 
At  90  minutes  of  exposure,  motor  neurons  have  passed  the 
comet  moment  for  DNA-SSB;  thus  DNA-SSB  are  less  fre¬ 
quently  detected,  because  damage  has  advanced  mostly  to 
double-strand  breaks.  Alternatively,  motor  neurons  with 
DNA  damage  may  disappear  from  the  preparation  be¬ 
cause  they  are  smaller  and  lighter  or  broken  and  thus  are 
not  captured  by  repelleting.  These  explanations  may  ac¬ 
count  for  the  decreased  comet  number  and  cell  density 
after  90  minutes  of  exposure. 

In  the  presence  of  1  mM  H202,  motor  neuron  comet 
number  is  decreased  compared  with  controls.  The  expla¬ 
nation  for  this  finding  is  uncertain.  Mechanisms  for  DNA 
repair  may  be  stimulated  in  motor  neurons  exposed  to  low 
concentrations  of  H202,  so  that  fewer  DNA-SSB  are  de¬ 
tected.  The  kinetics  of  DNA  repair  are  very  rapid,  with 
significant  repair  of  DNA-SSB  in  leukocytes  occurring 
within  2  minutes  after  irradiation  (Mendiola-Cruz  and 
Morales-Ramfres,  1999).  DNA-SSB  are  repaired  by  DNA 
repair  enzymes,  some  of  which  are  enriched  in  motor 
neurons  (Duguid  et  al.,  1995).  Thus,  DNA-SSB  occurring 
spontaneously  may  be  repaired.  Motor  neurons  might  dis¬ 
play  comets  perhaps  only  when  levels  of  nonrepaired  or 
misrepaired  DNA  damage  are  above  a  threshold  level. 
Alternatively,  lower  concentrations  of  H202  may  be  insuf¬ 
ficient  for  inducing  DNA  damage  in  healthy  motor  neu¬ 
rons  in  suspension  for  a  short  time  (possibly  related  to  the 
low  level  of  iron  in  the  Neurobasal  medium),  but  it  may 
enhance  DNA  damage  in  already  dying/injured  motor 
neurons  (background  comets)  that  then  disappear  from 
the  400-rpm  preparation  when  repelleting  after  exposure. 
However,  1  mM  H202  exposure  for  up  to  2  hours  was  not 
sufficient  to  cause  a  loss  of  cells  compared  with  time- 
matched  controls.  Therefore,  sublethal  oxidant  activation 
of  DNA  repair  pathways  in  motor  neurons  is  a  possibility. 
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NO  toxicity  to  motor  neuron  DNA  is 
mediated  by  ONOO- 

NO  toxicity  is  believed  to  participate  in  the  pathogenesis 
of  motor  neuron  degeneration  in  ALS  (Beckman  et  al.,  1993) 
and  in  experimental  models  (Wu  and  Li,  1993;  Martin  et  al., 
1999a).  We  tested  the  hypothesis  that  motor  neurons  ex¬ 
posed  to  NO  accumulate  DNA  damage.  We  found  that  DNA- 
SSB  are  formed  in  motor  neurons  exposed  to  two  different 
NO  donors.  However,  because  NO  per  se  does  not  cause 
breakage  to  plasmid  DNA  (Salgo  et  al.,  1995;  Inoue  and 
Kawanishi,  1995),  DNA-SSB  in  motor  neurons  might  not  be 
caused  directly  by  NO.  We  also  found  that  direct  exposure  of 
motor  neurons  to  ONOO-  induces  DNA-SSB  in  motor  neu¬ 
rons.  We  verified  the  presence  of  ONOO-  in  NO  donor-  and 
ONOO-  -treated  motor  neuron  cell  suspensions  by  detecting 
nitrotyrosine  formation  in  immunoblots.  Experiments  with 
plasmid  DNA  have  shown  that  NO  and  ~02  in  combination 
or  ONOO-  alone  induce  DNA  damage  (Salgo  et  al.,  1995; 
Inoue  and  Kawanishi,  1995).  ONOO-  at  concentrations  as 
low  as  1  p.M  causes  prominent  DNA-SSB,  with  much  higher 
concentrations  (>1  mM)  needed  for  double-strand  DNA 
breaks  (Szabo  and  Ohshima,  1997).  ONOO-  is  formed  very 
rapidly  by  NO  competing  with  superoxide  dismutase  for  -02 
(Beckman  et  al.,  1993).  We  found  in  our  motor  neuron  cell 
suspension  that  endogenous  production  of  -02  is  augmented 
in  motor  neurons,  most  likely  because  of  injury  related  to 
dissection  and  digestion.  This  finding  is  consistent  with  pre¬ 
vious  studies  showing  that  motor  neurons  become  metabol- 
ically  activated  after  axonal  injury  (Martin  et  al.,  1999a).  We 
conclude  that  NO  toxicity  in  adult  motor  neurons  directly 
involves  the  formation  of  DNA-SSB  through  ONOO-.  A 
similar  mechanism  may  be  operational  in  the  evolution  of 
motor  neuron  pathology  in  ALS. 

When  motor  neurons  are  exposed  to  NO  donor  in  the 
presence  of  H202  (at  a  concentration  that  is  apparently 
subthreshold  for  DNA  damage,  or  possibly  even  protective 
in  Neurobasal-A  medium),  the  combination  is  potently 
neurotoxic.  For  example,  exposure  of  motor  neurons  to 
both  SNP  (10  or  100  pM)  and  1  mM  H202  induces  DNA 
damage  and  motor  neuron  loss  that  are  much  more  severe 
than  that  caused  by  either  SNP  (10,  100,  300,  or  800  pM) 
or  1  mM  H202  alone.  It  is  possible  that  SNP-donated  NO 
and  H202  (or  secondary  products  of  H202)  and  endog¬ 
enously  generated  -Oz  are  interacting  to  enhance  toxicity. 
This  enhanced  toxicity  may  be  related  to  the  formation  of 
ONOO-,  as  verified  by  the  formation  of  ONOO-  with  the 
detection  of  protein  nitration  in  SNP  +  H202-treated  mo¬ 
tor  neurons.  H202  can  interact  with  iron  and  copper 
through  the  Fenton  reaction  to  produce  highly  reactive 
hydroxyl  radicals  that  attack  DNA  and  induce  strand 
breaks  and  base  modifications  (Halliwell  and  Gutteridge, 
1986).  The  NO  donor  SNP  contains  iron.  Thus,  another 
possibility  includes  SNP-derived,  iron-catalyzed  oxidation 
reactions  with  H202  and  the  formation  of  DNA-SSB  from 
hydroxyl  radicals. 

Motor  neurons  exposed  to  NO  donors  and  ONOO-  ac¬ 
cumulate  DNA  damage  that  is  different  from  damage 
caused  by  H202.  These  differences  are  found  in  the  vary¬ 
ing  comet  shapes  and  DNA  staining  patterns  of  the  comets 
and  the  comet  moments.  Thus,  it  is  reasonable  to  believe 
that  the  resulting  DNA  damage  is  different  after  exposure 
to  different  oxidants.  With  NO  donors  and  ONOO  ,  DNA 
granules  are  prominent  within  the  heads  and  tails  of  new 
comets  and  early  mature  comets  and  are  very  scattered  in 


the  heads  of  advanced  comets.  These  ethidium  bromide¬ 
positive  large  granules  are  likely  to  be  very  large  single¬ 
strand  fragments  of  DNA.  NO  donors  generated  comet 
patterns  similar  to  ONOO-.  In  contrast,  with  H202,  DNA 
damage  occurs  first  at  peripheral  chromatin  domains  and 
then  the  inner  nuclear  core  chromatin,  as  reflected  by 
comets  with  discrete  halos  and  comets  with  very  small 
heads  and  tails  comprised  of  fine  granules.  The  lengths  of 
DNA  fragments  caused  by  H202  exposure  are  probably 
very  different  from  the  DNA  damage  caused  by  NO.  This 
conclusion  is  supported  by  DNA  fragmentation  analysis. 

To  identify  relationships  between  DNA  damage  de¬ 
tected  by  the  comet  assay  and  DNA  gel  electrophoresis, 
motor  neuron  cell  suspensions  were  exposed  to  H202  or 
NO  donor,  and  genomic  DNA  was  extracted  for  gel  elec¬ 
trophoresis.  The  DNA  fragmentation  coincides  with  the 
comet  assay  for  the  cells  exposed  to  H202  for  60  minutes, 
which  detected  —31%  comets  and  most  of  the  comet  tails 
are  discontinuous.  H202  induced  a  prominent  smear- 
ladder  hybrid  of  DNA  fragments  in  motor  neurons.  This 
pattern  is  consistent  with  the  comet  assay  finding  showing 
tails  consisting  of  very  fine  DNA  granules.  These  tails  are 
apparently  intemucleosomal  and  random  fragments  of 
DNA.  Thus,  H202  causes  many  smaller  DNA  fragments 
because  of  numerous  SSB.  In  contrast,  motor  neurons 
exposed  (for  60  minutes)  to  SNP  contain  high  molecular 
weight  genomic  DNA.  Therefore,  the  large  DNA  granules 
typical  of  the  NO  donor  comet  patterns  are  likely  to  be 
high  molecular  fragments  of  DNA  caused  by  relatively 
fewer  SSB.  Thus,  different  oxidants  cause  distinct  DNA 
damage  fingerprints,  and  different  chromatin  domains 
(Ferreira  et  al.,  1997)  in  motor  neurons  may  have  differ¬ 
ential  vulnerabilities  to  ROS. 

DNA-SSB  accumulate  progressively  in  motor 
neurons  after  axotomy  with  a  comet  profile 
similar  to  NO  toxicity 

We  applied  the  comet  assay  to  an  in  vivo  model  of  motor 
neuron  apoptosis  in  adult  spinal  cord.  Sciatic  nerve  avul¬ 
sion  in  adult  rat  causes  apoptosis  of  lumbar  motor  neurons 
over  7-14  days  (Martin  et  al.,  1999a).  These  motor  neu¬ 
rons  exhibit  oxidative  stress  in  the  form  of  hydroxyl  rad¬ 
ical  damage  to  DNA  and  ONOO-  damage.  We  have  ob¬ 
served  previously  that,  at  7  days  after  the  lesion,  subsets 
of  motor  neurons  are  undergoing  DNA  fragmentation  as 
detected  weakly  by  TUNEL  assay.  Here,  we  found  early 
DNA  damage  in  motor  neurons  at  5  days  after  the  lesion. 
Furthermore,  the  current  study  corroborates  previous  ob¬ 
servations  (Martin  et  al.,  1999a)  by  showing  that  isolated 
motor  neurons  after  avulsion  show  morphological  evi¬ 
dence  of  apoptotic  chromatin  condensation  at  10  days 
after  injury.  The  comet  assay  revealed  a  progressive  accu¬ 
mulation  of  DNA-SSB  in  motor  neurons  during  5-10  days 
post  lesion.  The  comet  moments  increase  progressively 
(Table  2).  This  observation  is  also  consistent  with  our 
preliminary  observations  showing  p53  accumulation  in 
the  nucleus  of  avulsed  motor  neurons  7-10  days  post 
lesion  (Martin  et  al.,  1999b).  The  comets  of  motor  neurons 
after  avulsion  and  the  comets  of  motor  neurons  exposed  to 
NO  in  vitro  are  similar.  Because  avulsion-induced  motor 
neuron  death  is  apoptosis  (Martin  et  al.,  1999a),  comet 
patterns  consisting  of  prominent  DNA  granules  within  the 
heads  and  tails  are  therefore  signatures  of  apoptosis  in 
neurons. 
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These  findings  support  and  extend  the  conclusion  that 
NO  toxicity  is  a  mechanism  for  motor  neuron  apoptosis  in 
the  adult  spinal  cord  (Martin  et  al.,  1999a),  through  the 
formation  of  DNA-SSB  by  ONOO  .  Because  DNA-SSB 
are  potent  activators  of  p53  (Jayaraman  and  Prives, 
1995),  early  formation  and  accumulation  of  DNA-SSB  in 
adult  motor  neurons  could  be  a  primary  signal  for  motor 
neuron  apoptosis,  possibly  through  p53-mediated  path¬ 
ways  (Martin  et  al.,  1999b).  This  proposed  mechanism  for 
motor  neuron  apoptosis  in  an  animal  model  is  particularly 
relevant  to  the  pathogenesis  of  ALS  (Beckman  et  al.,  1993; 
Martin,  2000a). 
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ABSTRACT 

The  olfactory  bulb  (OB)  core  is  an  extension  of  the  rostral  migratory  stream  and  thus  is 
a  potential  source  of  neural  progenitor  and  neural  stem  cells.  We  characterized  in  vivo  and  in 
vitro  neuronal  progenitor  and  neural  stem  cells  in  the  adult  OB  core.  In  mouse  and  rat, 
bromodeoxyuridine  (BrdU)  labeling  showed  that  the  OB  core  accumulates  newly  replicated 
cells.  Nestin,  a  neuroepithelial  stem  cell  marker,  was  enriched  in  the  OB  core.  BrdU-positive 
cells  were  immunolabeled  for  nestin  and  TUC4,  a  marker  for  early  postmitotic  neurons.  The 
distributions  of  cells  labeled  for  BrdU,  TUC4,  and  nestin  were  similarly  concentrated  in  the 
OB  core.  Nestin-  and  TUC4-positive  cells  were  also  found  in  the  OB  of  young  and  aged 
humans.  Isolated  and  cultured  OB  core  cells  from  adult  rat  and  mouse  had  the  capacity  to 
generate  numerous  neurospheres.  Adult  OB  core  neurospheres  were  cryopreserved  and 
subsequently  cultured.  Single  cell  clonal  analysis  of  neurospheres  revealed  the  capacity  for 
self-renewal  and  multipotency.  Cultured  adult  OB  core  cells  differentiated  into  neurons, 
astrocytes,  and  oligodendrocytes.  Some  neurons  expressed  choline  acetlytransferase,  sub¬ 
stance  P,  and  glutamic  acid  decarboxylase.  Basic  fibroblast  growth  factor  potentiated  the 
self-renewal  of  cells  and  p-nerve  growth  factor  stimulated  differentiation.  OB-derived  neural 
stem  cells  in  coculture  with  skeletal  muscle  cells  were  induced  to  become  neurons  expressing 
choline  acetyltransferase  and  substance  P  and  formed  neuromuscular  synaptic  junctions  on 
myocytes  displaying  acetylcholinesterase-positive  motor  end  plates.  Cocultured  OB-derived 
neural  stem  cells  with  myoblast  cells  also  generated  nonneural  cell  progeny.  We  conclude 
that  the  adult  mammalian  OB  core  is  a  reservoir  of  neural  progenitor  cells  and  pluripotent 
neural  stem  cells.  J.  Comp.  Neurol.  459:368-391,  2003.  ©  2003  Wiley-Liss,  Inc. 

Indexing  terms:  amyotrophic  lateral  sclerosis;  motor  neuron;  neural  transplantation;  neuronal 
replacement;  pluripotent  stem  cell;  subventricular  zone 


Neuronal  loss  is  a  feature  of  chronic  and  acute  neuro¬ 
logical  disorders.  Selective  degeneration  of  populations  of 
neurons  occurs  in  adult-  and  pediatric-onset  neurodegen- 
erative  disorders  such  as  Alzheimer’s  disease,  amyotro¬ 
phic  lateral  sclerosis,  Huntington’s  disease,  Parkinson’s 
disease,  and  spinal  muscular  atrophy.  Less  selective  neu¬ 
ronal  degeneration  occurs  after  acute  neurological  insults 
such  as  cerebral  ischemia  and  trauma.  No  proven  cures  or 
effective  therapies  are  available  that  can  either  prevent 
nerve  cell  loss  or  replenish  neurons  in  the  human  brain 
and  spinal  cord  to  restore  neurological  function.  The  re¬ 
placement  of  lost  or  damaged  neurons  by  neural  progeni¬ 
tor  cells  or  neural  stem  cells  (NSC)  is  a  distant  hope  for 
the  treatment  of  many  neurological  disorders.  Stem  cells 
are  undifferentiated  cells  that  have  the  ability  to  undergo 
numerous  divisions  and  self-renewal  in  culture  and  to 
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TABLE  1.  Summary  of  experiments  on  the  in  vivo  and  in  vitro  characterization  of  adult  rodent  OB  core  cells 


Experiment 

Markers 

Animals/Number 

Quantitative  analysis 

In  vivo 

BrdU,  TUC4,  Nestin,  TuJl, 
BrdU/TUC4,  BrdU/Nestin 

Rats/n  =  13  (3-5  rats/time  point) 

Mice/n  =  13  (3-5  mice/time  point) 

BrdU  single  labeling,  TUC4/BrdU 
and  Nestin/BrdU  double 
labeling 

In  vitro 

Single  culture 

MAP5.MAP2,  TuJl,  TUC4, 

GFAP,  MBP,  Nestin,  BrdU, 
BrdU/TuJl,  ChAT,  SP,  GAD 

Rats/n  =  12 

Mice/n  =  10  (data  not  shown) 

GFP  mice/n  =  51 

MAP5,  TuJl,  TUC4,  GFAP,  MBP, 
Nestin,  BrdU  (after  growth 
factor  stimulation),  ChAT,  SP, 
GAD 

Coculture 

TuJl,  TUC4,  MAP5, 
synaptophysin,  ChAT,  AChE, 

SP,  GAD,  myosin 

Rats/n  =  12 

Mice/n  =11 

GFP  mice/n  =  5 

ChAT,  SP,  ChAT/GAD  double 
labeling 

lrThe  same  GFP  mice  were  used  for  single  and  coculture  experiments. 


differentiate  into  multilineage,  functionally  specialized 
cells  (Potten,  1997;  Rao,  1999;  Gokhan  and  Mehler,  2001). 
Much  more  information  is  needed  on  the  sources  of  NSC, 
their  biology,  and  application  to  animal  models  of  disease 
to  appropriately  ascertain  the  value  of  cell-based  therapy 
for  brain  and  spinal  cord  degeneration. 

Multipotent  NSC  can  be  found  in  the  embryonic,  neo¬ 
natal,  and  adult  mammalian  CNS  (Reynolds  and  Weiss, 
1992;  Morshead  et  al.,  1994;  Gritti  et  al.,  1996;  Kuhn  et 
al.,  1997;  Luskin  et  al.,  1997;  Palmer  et  al.,  1997;  Chiasson 
et  al.,  1999).  The  forebrain  subventricular  zone  (SVZ)  and 
dentate  gyrus  are  considered  to  be  the  major  sources  of 
self-renewing,  multipotent  NSC  (Reynolds  and  Weiss, 
1992;  Reynolds  and  Weiss,  1996;  Palmer  et  al.,  1997).  NSC 
in  the  adult  SVZ  form  a  cellular  continuum  with  the  core 
of  the  olfactory  bulb  (OB)  through  an  extension  called  the 
rostral  migratory  stream  (RMS).  Cells  that  originate  from 
the  anterior  SVZ  (SVZa)  migrate  within  the  RMS  to  reside 
within  the  OB.  Thus,  the  OB  core  is  considered  to  be  the 
anterior-most  part  of  the  SVZ  (Smart,  1961;  Altman,  1969; 
Luskin,  1993;  Lois  and  Alvarez-Buylla,  1994).  The  SVZ 
contains  at  least  four  different  cell  types  divisible  by  mor¬ 
phology  and  molecular  markers  (Jankovski  and  Sotelo, 
1996;  Alvarez-Buylla  and  Garcia-Verdugo,  2002).  Type  A 
cells  are  young  migrating  neurons  (neuroblasts)  that  form 
chains  of  cells  that  are  ensheathed  by  astrocytes  (type  B 
cells).  Highly  proliferative  neural  precursor  cells  (type  C 
cells)  form  clusters  next  to  the  chains  of  migrating  neu¬ 
rons.  A  layer  of  ependymal  cells  (type  E  cells)  separates 
the  SVZ  from  the  ventricular  cavity.  The  primary  precur¬ 
sors  of  new  neurons  in-  the  SVZ  now  appear  to  be  the 
astrocytes  (Alvarez-Buylla  and  Garcia-Verdugo,  2002). 

Most  of  the  previous  work  on  NSC  in  the  SVZ-RMS-OB 
system  has  been  done  in  the  neonatal  and  adult  SVZ  and 
RMS,  with  less  attention  being  paid  to  the  OB  core  of  the 
adult  brain.  The  adult  OB  has  a  prominent  ependymal/ 
subependymal  core  (Paxinos  and  Watson,  1986;  Franklin 
and  Paxinos,  1997),  and,  historically,  it  is  one  of  the  few 
regions  of  the  mammalian  central  nervous  system  (CNS) 
that  displays  prominent  postnatal  neurogenesis  (Hinds, 
1968;  Altman,  1969;  Bayer  1983;  Luskin,  1993;  Kaplan 
and  Hinds,  1997).  Compared  to  the  dentate  gyrus,  the  OB 
is  believed  to  have  more  extensive  neurogenesis  in  the 
adult  brain,  although  this  belief  may  need  to  be  re¬ 
examined  (Cameron  and  McKay,  2001).  However,  NSC 
intrinsic  to  the  adult  RMS  and  OB  have  been  found  only 
recently  (Liu  and  Martin,  2001;  Gritti  et  al.,  2002),  despite 
the  earlier  work  on  postnatal  neurogenesis  in  the  OB.  The 
NSC  in  the  adult  mouse  OB  core  were  found  to  exhibit 
self-renewal  and  multipotency  by  in  vitro  clonal  analysis 
(Gritti  et  al.,  2002).  It  is  not  known  if  NSC  in  the  adult  OB 


are  common  among  species,  if  they  have  the  potential  to 
become  specific  types  of  neurotransmitter-specific  neu¬ 
rons,  and  if  they  have  pluripotent  capacity. 

In  search  of  sources  of  NSC  in  the  adult  mammalian 
CNS  with  more  convenient  accessibility  and  usefulness  for 
potential  cell  therapy,  we  studied  the  core  in  the  adult  OB 
for  neural  progenitor  and  NSC.  We  show  that  the  adult 
mouse,  rat,  and  human  OB  core  is  a  rich  source  of  neural 
progenitor  and  multipotent  NSC.  By  coculturing  these 
NSC  with  skeletal  muscle  cells,  these  cells  can  be  induced 
to  differentiate  into  neurotransmitter-specific  neurons 
and  can  generate  nonneural  cell  progeny;  thus,  adult  OB 
core  NSC  also  have  pluripotent  potential. 

MATERIALS  AND  METHODS 
Animals 

For  in  vivo  and  in  vitro  studies  of  OB  core  cells,  adult 
male  Sprague-Dawley  rats  (weighing  200-250  g,  Charles 
River,  Wilmington,  MA)  and  adult  male  C57BL6J  mice 
(weighing  23-25  g,  Jackson  Lab)  were  used.  The  Animal 
Care  and  Use  Committee  of  the  Johns  Hopkins  Medical 
Institutions  approved  animal  protocols.  The  experiments 
are  summarized  in  Table  1. 

In  vivo  cell  proliferation  assay  using  BrdU 

Cell  proliferation  in  adult  mouse  and  rat  OB  was  iden¬ 
tified  using  the  thymidine  analog  bromodeoxyuridine 
(BrdU)  to  track  DNA  synthesis  (del  Rio  and  Soriano, 
1989).  Animals  were  treated  with  BrdU  (Roche  Molecular 
Biochemicals,  Indianapolis,  IN)  twice  daily  (at  8  a.m.  and 
8  p.m.,  25  mg/kg  in  normal  saline,  i.p.)  for  2  days  or  6  days. 
The  short  and  longer  time  points  were  used  to  determine 
if  the  OB  accrues  newly  replicated  cells,  although  this 
design  cannot  determine  the  site  of  most  of  the  cell  repli¬ 
cation.  In  neonatal  rat  (postnatal  day  2),  Luskin  and  co¬ 
workers  have  reported  (Smith  and  Luskin,  1998)  that  the 
cell  cycle  length  is  longer  in  RMS  cells  (17.3  h)  compared 
to  SVZa  cells  (14  h).  The  use  of  adult  animals  and  the  more 
anterior  location  of  the  OB  core  might  extend  the  cycle 
length,  so  longer  exposures  to  BrdU  were  used.  At  12 
hours  after  the  final  BrdU  injection,  the  animals  were 
euthanized.  For  a  short  exposure  time  point,  mice  were 
injected  with  a  single  dose  of  BrdU  (50  mg/kg)  and  eutha¬ 
nized  12  hours  later.  All  animals  were  perfused  transcar- 
dially  with  normal  saline  for  exsanguination,  followed  by 
4%  paraformaldehyde  in  100  mM  phosphate  buffer  (PB, 
pH  7.4).  The  brains  were  removed  and  postfixed  in  the 
same  fixative  for  2  hours  and  then  placed  in  20% 
glycerol-PB  (pH  7.4)  overnight  at  4°C.  The  OB  were  cut 


370 


Z.  LIU  AND  L.J.  MARTIN 


into  serial  coronal,  sagittal,  or  horizontal  sections  with  a 
freezing  microtome  (n  =  3-5  animals  per  condition).  The 
average  total  numbers  of  sections  generated  from  a  mouse 
OB  cut  coronally  (35  pm),  sagittally  (40  pm),  or  horizon¬ 
tally  (40  pm)  were  64,  40,  and  57,  respectively.  The  aver¬ 
age  total  number  of  sections  generated  from  a  rat  OB  cut 
coronally  (35  pm)  was  125.  The  sections  were  collected  in 
phosphate-buffered  saline  (PBS,  pH  7.4)  for  immediate 
use  or  were  stored  in  antifreeze  buffer  at  -20°C.  From  the 
complete  set  of  serial  sections  from  each  OB,  a  one  in  ten 
(rats,  ~13  sections)  or  a  one  in  five  (mice,  8-13  sections) 
subset  of  sections  was  used  for  either  cresyl  violet  stain¬ 
ing,  BrdU  detection,  or  immunophenotyping  of  OB  cells 
with  antibodies  to  nestin,  TUC4,  and  class  III  p-tubulin. 
Nestin,  an  intermediate  filament  protein,  is  considered 
currently  to  be  the  best  marker  for  NSC  and  neuroepithe¬ 
lial  cells  (Lendahl  et  al.,  1990;  Chiasson  et  ah,  1999;  Rao, 
1999).  TUC4  (Turned  On  After  Division  [TOAD]/Unc-33- 
like  phosphoprotein-1  [Ulip-l]/Collapsin  Response- 
Mediated  Protein-4  [CRMP-4]  family)  functions  in  axonal 
growth  and  was  used  to  mark  newborn  neurons  prior  to 
overt  differentiation  (Quinn  et  ah,  1999).  The  specificity  of 
TUC4  as  a  neuronal  marker  in  the  CNS  has  been  demon¬ 
strated  by  double-labeling  and  immunoelectron  micros¬ 
copy  (Fernandez  et  ah,  2002;  Bedard  et  ah,  2002).  Class  III 
p-tubulin,  identified  with  TuJl  antibody,  was  used  as  a 
neuron-specific  marker  (Lee  et  ah,  1990). 

BrdU  immunocytochemistry 

OB  sections  were  rinsed  with  PBS,  and  then  DNA  was 
denatured  by  incubating  sections  in  50%  formamide/2x 
standard  saline  citrate  (SSC)  for  2  hours  at  65°C  and  then 
in  2N  HC1  (37°C  for  30  minutes).  The  sections  were  rinsed 
in  100  mM  boric  acid  for  10  minutes  and  then  in  PBS 
followed  by  PBS  containing  1%  bovine  serum  albumin 
(BSA)  and  0.4%  Triton  X-100  for  30  minutes  at  room 
temperature.  The  sections  were  incubated  in  mouse  mono¬ 
clonal  anti-BrdU  antibody  (Roche  Molecular  Biochemi¬ 
cals,  Indianapolis,  IN)  at  a  concentration  of  250  ng/ml  for 
12  hours  at  4°C.  After  primary  antibody  incubation  the 
sections  were  rinsed  in  PBS  and  incubated  in  biotinylated 
anti-mouse  IgG  (Vector  Laboratories,  Burlingame,  CA)  for 
4  hours  at  room  temperature.  Sections  were  rinsed  in  PBS 
and  treated  with  0.6%  H202  in  PBS  for  30  minutes  to 
inactivate  endogenous  peroxidase,  followed  by  additional 
rinses,  and  then  incubation  in  ABC  for  2  hours  at  room 
temperature.  Antibody  binding  was  visualized  with 
0.025%  DAB  and  0.003%  H202  in  Tris-HCl  (pH  7.4)  for  10 
minutes.  Reacted  OB  sections  were  rinsed  in  PBS, 
mounted  on  glass  slides,  air-dried,  and  coverslipped  with 
or  without  counterstaining.  Sections  were  observed  and 
analyzed  using  a  Zeiss  Axiophot  microscope.  BrdU- 
positive  cells  in  the  OB  core  of  mouse  and  rat  sections 
were  counted  (at  lOOOx)  in  matched  levels  for  each  of  the 
conditions.  The  analysis  of  the  cell  counts  was  done  by 
ANOVA.  Subsequent  statistical  post-hoc  evaluation  of  sig¬ 
nificance  was  done  using  a  Student’s  t-test. 

In  vivo  identification  of  NSC  and  newborn 
neurons  in  adult  OB  core 

OB  sections  from  rat  and  mouse  (from  the  same  animals 
used  for  BrdU  incorporation)  were  used  for  nestin,  TUC4, 
and  class  III  p-tubulin  localization.  OB  sections  were 
rinsed  thoroughly  in  PBS  after  peroxidase  inactivation, 
incubated  in  PBS  containing  1%  BSA  and  0.4%  Triton 


X-100  for  30  minutes,  and  then  reacted  (24  hours  at  room 
temperature)  with  monoclonal  anti-nestin  IgG  (Chemicon 
International,  Temecula,  CA)  at  1:500,  polyclonal  rabbit 
anti-TUC4  (Chemicon)  at  1:1000,  or  polyclonal  rabbit 
TuJl  (Covance,  Berkeley,  CA)  at  1:10,000.  Sites  of  anti¬ 
body  binding  were  detected  with  biotinylated  secondary 
antibody  (1:100,  4  hours  at  room  temperature),  ABC  (ac¬ 
cording  to  manufacturer’s  instructions,  2  hours  at  room 
temperature),  and  then  0.025%  DAB  and  0.003%  H202  in 
Tris-HCl  (pH  7.4)  for  10  minutes.  Reacted  sections  were 
mounted  on  glass  slides  and  coverslipped. 

OB  sections  from  rat  and  mouse  (the  same  source  and 
same  selecting  frequency  as  the  BrdU  sections)  were  used 
for  BrdU/TUC4  and  BrdU/nestin  double  immunolabeling. 
TUC4  or  nestin  were  visualized  with  the  ABC  method  as 
detailed  above,  and  then  the  sections  were  incubated  se¬ 
quentially  in  avidin  and  then  biotin  (both  for  30  minutes) 
to  block  biotin  and  avidin  binding  sites.  The  sections  were 
then  processed  to  visualize  BrdU  incorporation,  as  men¬ 
tioned  above  (for  BrdU/nestin  dual  labeling  a  rat  antibody 
to  BrdU  [Harlan]  was  used  at  1:200),  but  antibody  sites 
were  visualized  with  0.025%  DAB,  0.003%  H202  with 
0.05%  CoCl2  in  Tris-HCl  (pH  7.4)  to  generate  a  black-blue 
reaction  product.  Cells  double  labeled  for  BrdU/TUC4  and 
BrdU/nestin  in  the  OB  core  of  mouse  were  counted  (at 
lOOOx)  in  serial  sections  spanning  the  mid  to  posterior 
levels  of  the  OB.  The  analysis  of  the  cell  counts  was  done 
by  ANOVA.  Subsequent  statistical  post-hoc  evaluation  of 
significance  was  done  using  a  Student’s  i-test. 

Human  OB  immunophenotyping 

OB  were  removed  from  formaldehyde  fixed  autopsy 
brains  from  elderly  individuals  (n  =  8)  82  ±  8  (mean  ± 
standard  deviation  (SD))  years  of  age  and  from  younger 
individuals  (27  and  40  years  of  age).  The  postmortem 
delays  were  4-8  hours.  The  OB  were  washed  with  100 
mM  PB  and  were  rinsed  in  20%  glycerol  in  PB  overnight 
before  they  were  cut  into  40  p,m  sagittal  or  coronal  sec¬ 
tions  with  a  freezing  microtome.  The  average  total  num¬ 
ber  of  sections  generated  from  a  human  OB  cut  sagittally 
(40  p,m)  was  42.  Sections  from  each  human  OB  (1  in  5 
subsampling  frequency,  —7  sections/marker)  were  used  to 
localize  TUC4,  TuJl,  nestin,  and  vimentin  with  a  method 
similar  to  that  used  on  rat  and  mouse  OB  sections.  TUC4 
and  TuJl  antibodies  were  the  same  as  those  used  for  rat 
and  mouse.  Nestin  was  detected  with  a  human-specific 
antibody  (Chemicon,  1:500).  Vimentin  was  used  as  a  glial 
cell  progenitor  marker  and  was  detected  with  a  mouse 
monoclonal  antibody  (Sigma,  Louis,  MO)  at  1:400.  Double¬ 
label  immunocytochemistry  was  used  for  colocalization  of 
TUC4  and  a  neuron-specific  nuclear  protein  (NeuN)  as 
well  as  TUC4  and  the  astroglia-specific  marker  glial  fibril¬ 
lary  acidic  protein  (GFAP)  to  corroborate  the  localization 
of  TUC4  in  neurons  (and  its  absence  in  astrocytes)  in  the 
adult  human  OB.  For  TUC4/NeuN  labeling,  sections  were 
reacted  with  TUC4  antibodies  and  developed  with  DAB 
and  then,  after  re-blocking  and  peroxidase  inactivation, 
were  reacted  with  monoclonal  antibody  to  NeuN  (Chemi¬ 
con,  1:100)  and  developed  with  cobalt-DAB.  For  TUC4/ 
GFAP  labeling,  sections  were  reacted  with  monoclonal 
antibody  to  GFAP  (Roche,  1:50)  and  developed  with  DAB 
and  then,  after  re-blocking  and  peroxidase  inactivation, 
were  reacted  with  TUC4  antibody  and  developed  with 
cobalt-DAB.  Quantification  was  not  done  on  human  OB 
sections  due  to  the  few  number  of  cases  with  precisely 
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matched  ages  and  because  of  the  more  complex  architec¬ 
ture  of  the  human  OB  compared  to  the  rodent  OB. 

Isolation  and  culture  of  NSC  from  adult  rat 
and  mouse  OB  core 

The  OB  core  (ependymal/subependymal  layer)  was  iso¬ 
lated  from  rat  and  mouse  for  in  vitro  studies  (Table  1). 
Rats  and  mice  were  anesthetized  deeply  with  oxygen: 
nitrous  oxide:enflurane  (33:66:1)  and  decapitated.  The  en¬ 
tire  brain  was  removed  and  rinsed  briefly  in  dissection 
medium.  Both  OB  were  separated  from  the  brain  (only  the 
anterior  “free”  bulbs  without  the  portion  underneath  the 
frontal  lobe),  transferred  to  another  dish  containing  dis¬ 
section  medium,  and  a  dorsal  midsagittal  cut  was  made  to 
expose  the  OB  core.  Under  a  surgical  microscope,  the 
ependymal/subependymal  zone  (identified  by  its  location 
and  glistening  appearance)  was  carefully  microdissected 
(see  white  rectangles  in  Figs.  1A  and  2A  for  the  region  that 
was  microdissected).  On  either  side  of  the  OB  midline, 
—0.5  mm  samples  in  rat  and  —0.25  mm  samples  in  mouse 
were  discretely  excised.  The  samples  were  collected  in  a 
dish  containing  ice-cold  dissecting  medium  (Hank’s  salt 
balanced  solution,  Ca++  and  Mg++  free,  Gibco).  After 
cutting  samples  into  smaller  pieces,  they  were  incubated 
(37°C,  5%  C02,  and  95%  air)  in  0.25%  trypsin-EDTA  for  20 
minutes  and  were  triturated  gently  to  dissociate  cells. 
Aliquots  of  OB  core  dissociated  cell  suspensions  were 
seeded  on  poly-D-lysine  coated  35-mm  diameter  wells 
(Costar)  at  cell  densities  of  — 6xl05/ml  (one  rat  OB  was 
used  to  seed  four  35-mm  wells;  one  mouse  OB  was  used  to 
seed  one  35-mm  well).  Dulbecco’s  modified  Eagle’s  me¬ 
dium  (DMEM)  (Gibco/Life  Technologies,  Rockville,  MD, 
Cat.  #  11965-092)  containing  L-glutamine,  high  glucose, 
and  supplemented  with  10%  fetal  bovine  serum  (FBS), 
10%  heat  inactivated  horse  serum,  B27  (Gibco),  DNase  I, 
and  antibiotics  (100  U/ml  penicillin  and  100  |ig/ml  strep¬ 
tomycin)  was  used  for  cell  seeding. 

OB  core  cells  were  studied  using  population  and  clonal 
analyses.  Twenty-four  hours  after  seeding,  the  medium  in 
wells  containing  attached  cells,  attached  spheres,  and 
floating  spheres  was  removed  to  another  well  (floating 
spheres  were  removed  and  transferred  to  new  wells),  and 
fresh  medium  was  added  to  the  seeded  well  with  attached 
cells/spheres  for  population  analysis.  The  medium  for  at¬ 
tached  cells/spheres  was  DMEM  supplemented  with 
L-glutamine,  5%  horse  serum,  and  antibiotics.  Thereafter, 
the  medium  was  changed  once  in  3  days.  Floating  cells/ 


spheres  were  passaged  by  periodically  transferring  float¬ 
ing  spheres  to  new  wells.  The  medium  for  growing  neuro¬ 
spheres  was  DMEM  supplemented  with  L-glutamine,  5% 
FBS,  and  5%  horse  serum,  high  glucose,  and  antibiotics 
(growth  medium).  Some  neurospheres  were  cryopreserved 
for  further  analysis  to  assess  multipotency.  For  clonal 
analysis  to  assess  self-renewal  and  multipotency,  fresh 
spheres  (after  at  least  9  passages)  or  cryopreserved  and 
thawed  spheres  were  mechanically  dissociated  to  single 
cell  suspensions,  and  individual  cells  were  transferred  to 
single  chambers  in  96  well  plates  with  growth  medium. 
After  3-5  days,  the  single  cells  formed  clones,  and  clones 
formed  floating  spheres  that  were  transferred  to  coated 
35-mm  wells  for  further  replication  and  then  differentia¬ 
tion  for  2-3  weeks. 

In  vitro  exposure  of  adult  OB  core  NSC  to 
growth  factors 

Attached  primary  OB  core  cells  and  their  spheres  were 
isolated  and  cultured  as  above  from  adult  rats  (n  =  8).  At 
day  3  in  vitro  (DIV3),  the  medium  was  changed  to  serum- 
free,  B27-supplemented  DMEM  containing  10  ng/ml  or 
100  ng/ml  pNGF  (R&D  Systems)  or  10  ng/ml  or  100  ng/ml 
bFGF  (R&D  Systems).  Control  wells  were  treated  with 
vehicle  (1%  BSA  in  PBS).  On  the  following  day  the  cells 
were  exposed  to  the  same  quantities  of  growth  factors  or 
vehicle  with  or  without  5  p.M  BrdU.  More  floating  spheres 
were  formed.  The  attached  cells/spheres  were  incubated 
for  another  24  hours,  fixed  with  2%  paraformaldehyde  for 
2  hours,  and  used  for  immunolocalization  of  BrdU  and 
class  III  (3  tubulin  (TuJl  antibody).  BrdU  and  class  III  P 
tubulin  were  also  evaluated  for  colocalization  using  the 
ABC  method  for  BrdU  and  immunofluorescence  for  class 
III  p  tubulin.  We  used  bFGF  (FGF-2)  based  on  the  work  of 
others.  bFGF  has  been  used  as  a  mitogen  to  expand  NSC 
from  adult  mouse  striatum  (Gritti  et  al.,  1996)  and  adult 
rat  SVZ  (Kuhn  et  al.,  1997).  bFGF  is  a  potent  stimulus  for 
clonal  colonies  of  undifferentiated  embryonic  stem  cell 
lines  to  generate  neurospheres  in  vitro  (Tropepe  et  al., 
2001).  p-NGF  was  used  as  a  neurotrophin.  It  has  been 
shown  that  the  high  affinity  NGF  receptor  trkA  is  present 
in  the  adult  rodent  OB  (Horikawa  et  al.,  1999). 

To  quantify  the  effects  of  p-NGF  or  bFGF,  cells  stained 
for  BrdU  or  TuJl  were  either  counterstained  faintly  with 
hematoxylin  (for  counting  of  total  cell  number)  or  were  not 
counterstained  (for  confirmation  of  total  cell  number 
counts  under  phase  contrast).  Cells  were  counted  with  a 


Fig.  1  (Overleaf.)  Adult  mouse  OB  core  is  a  reservoir  of  newly 
generated  cells  and  contains  numerous  newborn  neurons  and  NSC. 
A:  Low  magnification  view  of  a  cresyl  violet  stained  coronal  section  (35 
pm)  showing  the  location  and  size  of  the  ependymal/subependymal 
layer  (white  box)  in  the  posterior  OB.  The  ependymal/subependymal 
layer  is  referred  to  here  as  OB  core.  B:  Higher  magnification  of  boxed 
area  delineated  in  A.  The  cell  density  in  the  core  appears  high.  C:  The 
cells  are  small  and  packed  tightly.  Many  cells  (from  a  sagittal  section) 
are  elongated  and  narrow  (arrowheads).  Cells  are  present  undergoing 
mitosis  (arrows).  The  upper  mitotic  cell  is  enlarged  in  the  insert.  D:  At 
12  hours  after  a  single  BrdU  pulse,  BrdU-positive  cells  are  found  in 
the  OB  core.  These  replicating  cells  typically  appear  as  daughter  pairs 
(inset).  E:  BrdU  labeling  of  the  OB  core  in  a  mouse  injected  2  days 
with  BrdU  (50  mg/kg/day)  and  then  sacrificed.  BrdU-positive  cells  are 
concentrated  in  the  core  that  is  surrounded  by  the  granule  cell  layer 
(gel).  The  density  of  BrdU  labeled  cells  is  higher  than  with  a  single 
pulse  and  12-hour  survival.  F:  Higher  magnification  of  boxed  area  in 


E  showing  the  nuclear  morphology  and  relative  density  of  these  newly 
replicated  cells.  G:  BrdU  labeling  in  the  OB  in  a  mouse  injected  6  days 
with  BrdU  (same  dose  per  day  as  mentioned  in  E  and  then  sacrificed) 
showing  prominent  labeling  of  the  core  (the  density  is  higher  than 
with  2  days  injection)  that  extends  around  the  ventral  surface  of  the 
accessory  olfactory  bulb  but  not  major  labeling  of  the  gel.  H:  Higher 
magnification  of  boxed  area  in  G  showing  the  high  density  of  labeled 
cells.  I:  The  distribution  of  nestin  immunoreactive  cells  is  similar  to 
the  distribution  of  BrdU  labeled  cells.  J:  The  distribution  of  TUC4 
immunoreactive  cells  is  similar  to  the  distribution  of  BrdU  labeled 
cells.  K:  Class  III  (5-tubulin  is  enriched  in  the  OB  core.  The  pattern 
overlaps  with  that  seen  with  nestin  and  TUC4.  L:  High  magnification 
of  nestin  staining  in  the  OB  core  showing  labeling  of  small  cell  and 
processes.  M:  High  magnification  of  Tujl  staining  in  the  OB  core 
showing  labeling  of  small  cell  and  processes.  Scale  bars  =  200  pm  in 
A;  25  pm  in  B  (applies  to  F,H-K);  10  pm  in  C  (applies  to  L  and  M,  for 
insert  of  C,  bar  is  4.3  pm);  33  pm  in  D;  100  pm  in  E  (applies  to  G). 
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10 X  objective  (six  different  microscopic  fields,  area  =  2.4 
mm2).  Colonies  of  cells  and  attached,  dispersed  neuro¬ 
spheres  were  counted  with  a  4x  objective  (10  different 
microscopic  fields,  area  =  6  mm2)  using  an  Olympus  in¬ 
verted  microscope.  For  each  condition,  at  least  three  ex¬ 
periments  with  different  batches  of  cultures  were  re¬ 
peated  and  cells  were  counted.  The  average  total  number 
of  cells,  number  of  BrdU  labeled  cells  for  each  condition, 
the  average  percentage  of  BrdU  labeled  cells  to  total  num¬ 
ber  of  cells,  and  the  percentage  of TuJl  labeled  cells  to  the 
total  number  of  cells  were  calculated  and  analyzed.  The 
numbers  of  colonies  and  colony  sizes  were  also  counted 
and  the  averages  were  calculated.  The  criteria  for  a  colony 
included  a  minimum  of  six  cells  in  a  cluster  or  close  pop¬ 
ulation  with  these  cells  having  a  similar  morphology  (cell 
body  shape  and  size,  and  the  cell  process  number,  length, 
and  pattern).  The  cell  process  pattern  was  defined  by 
whether  the  processes  were  straight,  curved,  or  bifurcating. 

Coculture  of  NSC  from  adult  OB  core 
with  muscle  cells 

NSC  from  the  ependymal/subependymal  layer  of  adult 
rat  (n  =  8)  and  mouse  (n  =  6)  OB  were  cocultured  with 
muscle  cells  to  evaluate  the  capacity  of  adult  NSC  to 
develop  into  a  specific  type  of  neuron  (i.e.,  motor  neuron). 
OB  core  NSC  were  also  cocultured  with  muscle  cells  to 
evaluate  their  potential  to  generate  nonneural  progeny 
(i.e.,  muscle  cells).  Transgenic  adult  male  mice  (n  =  3,  6-8 
weeks  old,  line  C57BL/6-TgN[ACTbEGFP]10sb,  Jackson 
Laboratory)  expressing  green  fluorescent  protein  (GFP) 
were  used  as  a  source  of  OB  core  cells  for  coculture  exper¬ 
iments  to  assess  pluripotency.  A  mouse  myoblast  cell  line 
(G8,  skeletal)  and  a  rat  myoblast  cell  line  (L6,  skeletal) 
(both  from  ATCC)  were  used.  The  cells  were  cultured, 
subcultured,  and  stored  according  to  the  user’s  manual 
instructions.  Briefly,  the  cells  were  thawed  in  the  vial 
within  2  minutes  in  a  37°C  water  bath  and  were  poured 


Fig.  2  (Overleaf.)  The  adult  rat  OB  core  accumulates  newly  repli¬ 
cated  cells  and  contains  numerous  newborn  neurons  and  NSC.  A:  Cr- 
esyl  violet  stained  coronal  section  (35  p.m)  from  posterior  OB  of  adult 
rat  showing  the  location  of  NSC  (white  box).  The  dark  black  center 
area  is  the  OB  core.  This  area  was  microdissected  and  dissociated  for 
cell  culture  (see  Fig.  5).  B:  Higher  magnification  of  the  boxed  area  in 
A  showing  the  extremely  high  density  of  cells  in  the  OB  core.  C:  High 
magnification  of  core  area  in  a  cresyl  violet  stained  horizontal  section 
(40  pjm)  of  OB.  The  cells  that  comprise  this  region  are  small  and  have 
an  elongated  shape  (arrowheads)  typical  of  migrating  cells.  These 
cells  can  proliferate  (arrow).  The  inset  shows  a  cell  in  anaphase. 
D:  BrdU  incorporation  into  rat  OB  core  cells  (2  days  BrdU  injection) 
showing  the  distribution  and  density  of  newborn  cells.  BrdU-positive 
cells  are  concentrated  in  the  core.  Fewer  labeled  cells  are  seen  in  the 
granule  cell  layer  (gel).  E:  BrdU  incorporation  into  OB  core  cells  (6 
days  BrdU  injection)  showing  the  distribution  and  density  of  newborn 
cells.  The  labeling  is  greater  compared  to  2  day  Brdu  treatment. 
F:  Higher  magnification  of  boxed  area  in  D  showing  BrdU  labeling  of 
cell  nuclei  and  their  density.  G:  Higher  magnification  of  boxed  area  in 
E  showing  that  many  more  labeled  cells  are  present  compared  to  F. 
H:  The  distribution  of  the  NSC/neuroepithelial  cell  marker  nestin 
overlaps  with  the  core  area  delineated  by  cresyl  violet  staining  and 
BrdU  labeling.  The  labeled  cells  localize  in  the  midline  of  the  OB. 
I:  The  distribution  of  TUC4  coincides  with  the  core  area  delineated  by 
BrdU  and  nestin  labeling.  J:  The  enrichment  of  class  III  fi-tubulin  in 
the  OB  core  has  a  distribution  that  overlaps  with  nestin  and  TUC4. 
Abbreviation:  gel,  granule  cell  layer.  Scale  bars  =  320  pm  in  A,  25  pm 
in  B  (applies  to  F— J),  10  pm  in  C,  100  pm  in  D  (applies  to  E). 


into  complete  culture  medium.  After  spinning  the  cells 
briefly,  they  were  resuspended  and  seeded  in  complete 
medium.  For  mouse  myoblast  cells,  the  culture  medium 
contained  10%  FBS,  10%  horse  serum  (heat  inactivated) 
in  DMEM  with  penicillin  (100  U/ml)  and  streptomycin 
(100  jxg/ml).  For  rat  myoblasts,  complete  culture  medium 
was  10%  FBS  in  DMEM  with  penicillin  (100  U/ml)  and 
streptomycin  (100  gg/ml).  After  the  cells  were  subcultured 
twice,  they  were  seeded  at  a  density  of  ~3xl05  and  cul¬ 
tured  with  5%  FBS  (for  rat  myoblast  cells)  or  5%  FBS  and 
5%  horse  serum  (for  mouse  myoblast  cells).  The  cells  pro¬ 
liferated  very  rapidly,  and  fused  and  differentiated  into 
multinucleated  striated  myotubes  by  DIV6. 

For  coculture  of  OB  core  cells  with  muscle  cells,  two 
different  approaches  were  used.  NSC  from  rat  or  mouse 
OB  were  cocultured  with  the  corresponding  muscle  cell 
line.  Myoblasts  were  added  to  cultured  OB-NSC  at  DIV2, 
or  newly  isolated  OB-NSC  were  seeded  on  cultured  myo¬ 
blasts.  Either  way,  the  seeding  cell  density  was  ~6XlOs 
for  NSC  and  ~3xl05  for  myoblast  cells.  Controls  were 
time-matched  single  cultures  of  OB-NSC  from  the  same 
OB  core  cell  preparations  as  those  used  for  coculture  (i.e., 
cells  were  not  mixed  and  cultured  with  muscle  cells)  as 
well  as  single  cultures  of  muscle  cells.  The  culture  medium 
for  the  first  seeding  or  second  seeding  was  the  complete 
culture  medium  for  myoblast  cells  (mentioned  above)  sup¬ 
plemented  with  B27  (Gibco).  The  medium  was  changed  24 
hours  later  with  the  percentage  of  sera  reduced  to  5% 
each.  The  cells  were  cocultured  for  4-8  additional  days 
and  the  medium  was  changed  every  3  days  and  every  day 
after  5  days.  The  cells  were  washed  with  PBS  (pH  7.4)  and 
fixed  with  2%  paraformaldehyde  for  2  hours  at  4°C. 

Immunophenotyping  cultured  and 
cocultured  adult  OB  core  neural 
progenitor  cells  and  NSC 

A  panel  of  markers  was  used  to  characterize  cultured 
and  cocultured  OB  cells.  Nestin  was  used  to  detect  neuro¬ 
epithelial  and  NSC.  TUC4,  TuJl,  MAPS,  MAP2,  synapto- 
physin,  choline  acetyltransferase  (ChAT),  glutamic  acid 
decarboxylase  (GAD),  and  substance  P  (SP)  were  used  as 
neuron  markers  or  specific  neuron  type  markers.  GFAP 
was  used  as  an  astrocyte  marker.  Myelin  basic  protein  and 
04  were  used  as  oligodendrocyte  markers.  Myosin  was 
used  as  a  muscle  cell  marker.  BrdU  incorporation  was 
used  as  a  marker  for  OB  cell  proliferation  in  vitro.  The 
procedures  for  immunocytochemistry  were  similar  to  the 
protocol  used  on  OB  tissue  sections  (except  for  BrdU  de¬ 
tection  the  cells  were  not  exposed  to  formamide/2X  SSC 
for  2  hours  at  GS'C,  but  were  directly  treated  with  2N 
HC1).  Specifically,  cells  were  treated  with  blocking/ 
permeabilization  solution  (1%  BSA  and  0.4%  Triton-x  in 
PBS)  for  30  minutes  and  then  primary  antibody  for  24-36 
hours.  Primary  antibodies  to  nestin,  MAP5  (Sigma,  St. 
Louis,  MO),  MAP2  (Sigma),  synaptophysin  (Roche  Molec¬ 
ular  Biochemicals),  myelin  basic  protein  (SMI-99,  Stern- 
berger  Monoclonals  Inc.)  and  04  (Chemicon,  Temecula, 
CA)  are  mouse  monoclonal  antibodies.  Antibodies  to 
GFAP  (DAKO),  TUC4,  TuJl,  and  GAD  (Sigma)  are  rabbit 
polyclonal  antibodies.  In  cocultures,  ChAT  was  detected 
with  a  goat  polyclonal  antibody  (Chemicon),  SP  was  de¬ 
tected  with  a  rabbit  polyclonal  antibody  (Instar),  and  skel¬ 
etal  muscle  cells  were  detected  with  an  antibody  to  myosin 
heavy  chain  (Zymed,  San  Francisco,  CA).  The  antibodies 
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were  used  at  the  following  dilutions:  nestin  (1:500),  MAP2 
(1:400),  MAP5  (1:125),  synaptophysin  (1:50),  SMI  99  (1: 
5000),  04  (1:100),  TUC4  (1:1000),  TuJl  (1:10000),  GFAP 
(1:100),  ChAT  (1:10),  GAD  (1:500),  SP  (1:200),  and  myosin 
(1:50).  For  immunoperoxidase  detection,  the  secondary 
antibody  was  a  biotinylated  IgG  (Vector)  used  at  1:100. 
After  incubation  in  ABC  for  2  hours  (according  to  insert 
instructions),  immunoreactivity  was  visualized  with 
0.025%  DAB/0.003%  H202.  Cell  cultures  were  evaluated 
with  an  Olympus  inverted  microscope.  For  immunofluo- 
rescent  detection,  the  secondary  antibodies  were  cascade 
blue-conjugated  goat  anti-rabbit  IgG,  Alexa-conjugated 
goat  anti-mouse  IgG,  and  biotinylated  goat  anti-mouse 
IgM  (l:100)/streptavidin-Texas  red  (all  fluorescent  conju¬ 
gates  were  used  at  1:300).  Immunofluorescence  was  exam¬ 
ined  with  a  Zeiss  Axiphot  microscope.  OB  core  cell  single 
cultures  and  cocultures  that  were  stained  for  cell  type  and 
neuron-specific  markers  were  studied  quantitatively.  The 
numbers  of  immunoreactive  cells  in  single  35-mm  wells 
(2-3  wells)  were  determined  from  six  microscopic  fields 
using  a  20x  objective.  Cultures  stained  with  TuJl  anti¬ 
body  were  used  to  compare  the  morphology  of  differenti¬ 
ating  cells  in  12  microscopic  fields  using  a  10  X  objective. 

Cocultures  were  also  characterized  using  acetylcho¬ 
linesterase  (AChE)  enzyme  histochemistry  (Tago  et  ah, 
1986)  to  identify  neurons  and  neuromuscular  junctions. 
Sites  of  enzyme  activity  were  visualized  directly  in  the 
culture  plates  by  a  chromogenic  reaction  with  nickel-DAB. 
AChE  is  concentrated  at  motor  end-plates  in  the  synaptic 
cleft  where  it  is  mainly  associated  with  the  outer  surface 
of  the  sarcolemma  (Lentz,  1969). 

Cocultures  at  DIV8  were  examined  by  electron  micros¬ 
copy  (EM)  for  the  formation  of  synaptic  contacts.  Media 
was  removed  and  the  cultures  were  washed  briefly  with 
PBS  and  then  the  cells  were  fixed  with  0.5%  glutaralde- 
hyde  in  2%  paraformaldehyde/PB  for  1  hour.  Some  cul¬ 
tures  were  used  to  localize  synaptophysin  with  a  mouse 
monoclonal  antibody  to  synaptophysin  and  an  immuno¬ 
peroxidase  method  with  DAB  as  chromogen.  The  cultures 
were  processed  for  conventional  EM  directly  in  culture 
plates  as  described  (Lesuisse  and  Martin,  2002).  Briefly, 
plastic  embedded  cultures  were  removed  from  the  culture 
plates  as  plastic  disks  that  were  cut  into  pieces.  Plastic 
blocks  were  inspected  for  immunolabeled  neurons  and 
axons  under  a  microscope,  and  blocks  containing  immu¬ 
nolabeled  profiles  were  trimmed  and  sectioned  for  EM. 
Thin  sections  were  viewed  and  photographed  with  a  JEOL 
electron  microscope. 

The  original  images  used  for  figure  construction  were 
generated  either  on  black-and-white  or  color  photographic 
film  that  was  scanned  using  an  Agfa  Vision  35  scanner 
and  Adobe  Photoshop  4.0  software  or  as  JPEG  image  files 
captured  using  a  SPOT  digital  camera  and  SPOT  Ad¬ 
vanced  software  (Diagnostic  Instruments).  JPEG  files 
were  converted  to  Photoshop  files  and  the  figures  were 
composed  using  Adobe  Photoshop  4.0  software. 

RESULTS 

OB  core  of  adult  mouse  and  rat  is  a 
reservoir  of  NSC  and  neuronal 
progenitor  cells 

The  OB  of  adult  mouse  (Fig.  1A,B)  and  rat  (Fig.  2A,B) 
has  a  conspicuous  core  of  numerous,  densely  packed  cells, 


TABLE  2.  Counts  of  BrdU  labeled  adult  OB  core  cells  in  vivo 


Animal 

BrdU  treatment/ 

Survival 

BrdU-positive  cell 
density  (cells/mm2)1 

Mouse 

1  injection/12  hours 

1278  ±  $5 

2  injections  per  day/2  days 

3911  ±  318* 

2  injections  per  day/6  days 

11600  i  833** 

Rat 

2  injections  per  day/2  days 

9900  ±  133* 

2  injections  per  day/6  days 

nd2 

1Cells  were  counted  in  the  OB  core  at  levels  that  were  matched  in  the  anterior-posterior 
axis.  Values  are  mean  ±  standard  deviation  (n  =  3  animals  per  condition).  Single 
asterisk  {*)  denotes  significant  difference  CP  <  0.001)  compared  to  12  hours.  Double 
asterisk  (**)  denotes  significant  difference  ( P  <  0.001)  compared  to  2  days.  Plus  (+) 
denotes  significant  difference  ( P  <  0.001)  compared  to  2-day  mouse. 

2Not  determined.  The  BdU  labeled  cells  were  too  numerous  (appearing  as  aggregates  of 
indistinguishable  cells)  to  count  reliably  in  35  pm  thick  sections. 


as  seen  in  cresyl  violet  stained  coronal  sections.  This  re¬ 
gion  is  usually  identified  as  the  ependymal/subependymal 
layer  of  the  OB  in  brain  atlases  (Paxinos  and  Watson, 
1986;  Franklin  and  Paxinos,  1997).  The  olfactory  ventricle 
is  obliterated  and  cannot  be  seen.  The  typical  cuboidal 
ependymal  cells  are  not  observed;  instead,  these  cells  have 
a  long  slender  shape  in  mouse  (Fig.  1C)  and  rat  (Fig.  2C), 
typical  of  migrating  cells  (Rakic,  1972).  The  cells  in  the  OB 
core  are  small  (short  axis  — 2-4p,m)  and  packed  tightly 
(Figs.  1B,C;  2B,C).  The  cell  number  appears  considerable. 
This  is  implied  from  the  boxed  area  (shown  in  the  pho¬ 
tomicrographs)  representing  an  area  of  OB  core  in  a  35 
p,m  section  from  a  fixed  mouse  OB  —2.2  mm  in  length 
(anterior  tip  to  frontal  lobe)  or  from  a  fixed  rat  OB  —4.3 
mm  in  length  (anterior  tip  to  frontal  lobe).  These  cells  are 
arranged  around  the  ventral  portion  of  accessory  olfactory 
bulb.  In  both  mouse  and  rat  OB  core,  cells  can  be  observed 
at  different  stages  of  mitosis,  such  as  prophase  (Fig.  1C 
and  insert),  metaphase,  anaphase  (Fig.  2C  and  insert), 
and  telophase. 

The  OB  core  accumulates  replicating  cells.  Incorpora¬ 
tion  of  BrdU  was  evaluated  at  12  hours  after  a  single 
injection  and  at  2  and  6  days  after  consecutive  injections. 
The  BrdU  positive  cells  in  mouse  (Fig.  1D-H)  and  rat  (Fig. 
2D-G)  have  distributions  matching  the  cell  dense  core 
zone  seen  by  cresyl  violet  staining.  The  number  of  positive 
cells  in  the  mouse  OB  core  at  12  hours  after  a  BrdU 
injection  was  significantly  lower  than  the  number  of  la¬ 
beled  cells  after  2  and  6  days  treatment  (compare  Figs. 
1D,E,G;  see  counts  in  Table  2).  With  a  single  BrdU  injec¬ 
tion,  the  cells  labeled  lightly  and  usually  appeared  as 
pairs,  suggesting  daughter  cells  (Fig.  ID  inset).  In  addi¬ 
tion,  with  a  single  BrdU  pulse,  many  of  the  positive  cells 
had  BrdU  immunoreactivity  aggregated  at  the  margin  of 
the  nucleus,  indicative  of  a  cell  in  late  prophase  (as  shown 
in  Fig.  1C).  The  BrdU  labeling  of  OB  core  cells  in  mouse 
was  significantly  greater  after  6  days  injection  compared 
to  the  labeling  seen  after  2  days  injection  (Table  2).  The 
granule  cell  layer  had  fewer  BrdU-positive  cells  than  the 
core  (Figs.  1D,E,G;  2D,E). 

Staining  for  nestin  showed  that  NSC  are  concentrated 
in  the  adult  OB  core.  Nestin-positive  cells  and  processes 
were  present  in  the  OB  core  in  a  distribution  mirroring  the 
locations  of  BrdU-positive  cells  in  mouse  (Fig.  II, L)  and 
rat  (Fig.  2H).  Nestin-immunoreactive  cells  were  elongated 
and  slender  with  long,  thin  processes.  In  mice  injected 
with  BrdU  for  2  days,  33%  ±  4%  (mean  ±  SD)  of  BrdU- 
positive  cells  was  nestin-positive.  Nestin  immunoreactiv¬ 
ity  in  the  granule  cell  layer  was  localized  mostly  to  blood 
vessels  (Fig.  2H). 
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Fig.  3.  Newly  bom  cells  in  the  adult  OB  core  express  a  newborn 
neuron  marker.  A:  Colocalization  of  BrdU  and  TUC4  in  newborn 
neurons  in  the  OB  core  of  mouse.  The  brown-  and  yellow-colored  cells 
are  TUC4  positive  newborn  neurons,  while  the  dark  blue  or  black 
identifies  BrdU  labeled  nuclei.  Their  distributions  overlap.  B:  Subsets 
of  cells  in  the  mouse  OB  core  are  single-labeled  for  TUC4  in  the 
cytoplasm  (arrowheads,  brown/yellow  color)  or  BrdU  in  the  nucleus 
(black  or  blue,  single  arrows).  Other  cells  are  double  labeled  with 


The  adult  OB  core  contains  numerous  newborn  neurons 
as  shown  by  staining  for  the  growth  cone  protein  TUC4. 
Many  TUC4-positive  cells  were  observed  in  the  OB  core  of 
adult  mouse  (Fig.  1J)  and  rat  (Fig.  21).  The  distributions  of 
TUC4-expressing  newborn  neurons  mirrored  the  BrdU- 
positive  cells  (Fig.  1J)  and  overlapped  with  the  region  of 
the  OB  core  that  was  the  most  highly  enriched  in  class  III 
(d-tubulin  (Fig.  1K,M).  The  morphology  of  the  TUC4- 
positive  cells  matched  the  pattern  seen  by  Nissl  staining 
(Fig.  1J).  They  generally  had  a  primitive  morphology  (i.e., 
elongated  and  slender  with  few  neurites).  Occasional 
TUC4-positive  cells  were  seen  in  the  granule  cell  layer 
(data  not  shown).  BrdU  and  TUC4  were  colocalized  in 
OB  core  cells  in  mouse  (Fig.  3A,B)  and  rat  (Fig.  3C,D), 
defining  the  presence  of  neuronal  progenitor  cells  in  the 
OB  core.  In  mice  injected  with  BrdU  for  2  days,  31%  ± 


brown  in  the  cytoplasm  and  dark  blue  or  black  in  the  nucleus  (double 
arrows)  C:  Colocalization  of  TUC4  and  BrdU  in  rat  OB  core  confirms 
the  overlapping  distributions.  D:  Some  cells  are  double  labeled  for 
TUC4  and  BrdU  (double  arrows,  brown  is  TUC4  immunoreactivity 
and  black/blue  is  BrdU  immunoreactivity)  or  single-labeled  for  either 
TUC4  or  BrdU  (single  arrows  identify  BrdU  labeled  cells  and  single 
arrowheads  identify  TUC4  labeled  cells).  Scale  bar  (shown  in  A)  =  25 
pm  in  A,  7.5  pm  in  B,  150  pm  in  C,  10  pm  in  D. 


11%  (mean  ±  SD)  of  BrdU-positive  cells  was  TUC4- 
positive. 

Adult  human  OB  is  a  rich  source  of  newborn 
neurons  and  NSC 

The  adult  human  OB  was  evaluated  for  neuronal  pro¬ 
genitor  cells  and  NSC.  Cresyl  violet  staining  of  sagittal 
sections  showed  that  the  human  OB  is  densely  populated 
with  small  cells  (Fig.  4A).  The  human  OB  contains  a 
population  of  numerous  cells  with  a  morphology  that  was 
similar  to  OB  core  cells  in  rat  and  mouse,  but  the  cell 
packing  density  appeared  lower  in  the  OB  of  aged  human 
(Fig.  4B).  Immunophenotyping  of  OB  sections  from  young 
and  aged  individuals  revealed  the  presence  of  many  TUC4 
expressing  newborn  neurons  (Fig.  4A,C,D)  and  neurons 
expressing  class  III  p  tubulin  (Fig.  4K).  Cells  immunopo- 
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Cells  from  adult  OB  core  form  clonally- 
derived  neurospheres  in  vitro  and  are 
multipotent  NSC 

Adult  rat  and  mouse  OB  core  cells  were  isolated  by 
microdissection  and  trypsinization  and  studied  in  vitro. 
Adult  OB  core  cells  from  both  species  can  generate  numer¬ 
ous  neurospheres  (Fig.  5).  Population  analysis  of  rat  OB 
core  sphere  growth  revealed  sphere  densities  (spheres/ 
mm2,  mean  ±  SD)  of  206  ±  13  and  707  ±  53  at  4  and  7 
days  of  culturing,  respectively.  OB  core  neurospheres  had 
the  ability  to  undergo  serial  passaging  and  cryopreserva- 
tion.  Single  cell  clonal  analysis  on  OB  core  neurospheres 
from  adult  rat  and  mouse  was  performed  to  provide  con¬ 
clusive  evidence  for  clonal  origin  of  the  neurospheres  and 
their  self-renewal  and  sustained  multipotency  (Fig.  5).  OB 
core-generated  primary  neurospheres  and  cryopreserved- 
thawed  neurospheres  were  dissociated  into  single  cells 
and  cultured  individually  (Fig.  5A).  Individual  OB  core 
cells  generated  secondary  neurospheres  (Fig.  5B)  and  con¬ 
tinued  to  generate  higher-passaged  spheres  with  longer 
time  in  culture  (Fig.  5C).  Floating  spheres  became  at¬ 
tached  neurospheres  (Fig.  5D).  Many  attached  spheres 
were  positive  for  neuron-specific  tubulin  (Fig.  5E),  indicat¬ 
ing  clonally  derived  neural  progenitors.  OB  core  derived 
clonal  neurospheres  were  multipotent  as  shown  by  the 
expression  of  class  III  p  tubulin,  GFAP,  and  04  in  at¬ 
tached  nondispersed  spheres  (Fig.  5F,G,a,b,c)  and  in  at¬ 
tached  dispersed  cells  from  clonal  spheres  (Fig.  5H). 

Primary  cultures  of  cells  (as  a  population  of  mixed  dis¬ 
sociated  cells  and  attached  spheres,  as  opposed  to  clonally 
generated  cells)  derived  from  adult  rat  and  mouse  OB  core 
were  made  successfully  for  evaluating  population  multi¬ 
potency  (Fig.  6).  Phase  contrast  microscopy  revealed  the 
viability  and  growth  of  OB  core  cells  at  DIV3  (Fig.  6A)  and 
DIV8  (Fig.  6B).  These  cells  retained  the  ability  to  replicate 
as  shown  by  BrdU  labeling  (Fig.  6C)  and  to  form  colonies 
(Fig.  6C-K).  Immunostaining  for  nestin  showed  that  sub¬ 
sets  of  cells  derived  from  OB  core  and  subsequently 
formed  spheres  are  NSC  (Fig.  6D,  Table  3).  At  DIV8,  about 
44%  of  the  total  cells  in  culture  were  nestin  positive.  The 
morphology  of  nestin-positive  cells  was  very  distinctive. 


Some  nestin  cells  had  an  undifferentiated  morphology  and 
were  globular,  whereas  other  nestin-positive  cells  were 
angular  with  rapier-like  processes  (Fig.  6D). 

Primary  cultures  generated  from  OB  core  primary  cells 
and  their  spheres  were  characterized  quantitatively  (Ta¬ 
ble  3)  to  evaluate  multipotency.  We  used  antibodies  that 
mark  immature  neurons  (MAP5,  TuJl,  and  TUC4),  astro¬ 
cytes  (GFAP),  and  oligodendrocytes  (myelin  basic  protein, 
MBP).  Subsets  of  cells  from  the  OB  core  cells  and  their 
spheres  became  definite  neurons  (Fig.  6E-I;  Table  3). 
Counts  of  DIV8  cells  that  were  strongly  labeled  for  a 
neuronal  marker  and  had  a  definite  neuronal  morphology 
were  ~5%-7%  for  TuJl,  TUC4,  and  MAP5  (Table  3). 
Staining  patterns  for  MAP5  nicely  revealed  the  apparent 
viability  and  maturation  of  these  neurons  in  vitro.  At 
DIV4  the  developing  neurons  had  bipolar  cell  bodies  and 
thick  growing  dendrites  with  conspicuous  growth  cones 
(Fig.  6E).  At  DIV8,  neurons  had  multipolar  shapes  with 
slender,  branching  dendrites  (Fig.  6F).  Some  MAP5 
faintly  labeled  cells  were  globular  and  did  not  have  the 
typical  morphology  of  immature  or  mature  neurons.  These 
cells  were  present  throughout  the  entire  culture  period 
(Fig.  6E,F,  arrows)  for  up  to  DIV45.  These  cells  were 
similar  in  morphology  to  the  globular  nestin-positive  cells 
(Fig.  6D)  and  could  be  NSC  committed  recently  to  become 
young  neurons,  or  they  may  be  neuronal  progenitor  cells 
with  the  capacity  for  self-renewal  and  the  product  of 
asymmetrical  mitosis  (one  daughter  cell  becomes  neuro¬ 
nal  progenitor  and  the  other  progeny  remains  an  NSC). 
Small  subsets  of  similar  cells  were  strongly  labeled  with 
antibodies  to  neuron-specific  tubulin  (Fig.  6G,  arrows)  and 
TUC4  (Fig.  6H,I).  Glial  cell  markers  were  detected  in  cells 
that  were  morphologically  distinct  from  neurons  (Fig.  6J- 
L).  GFAP  was  expressed  in  ~31%  of  the  total  cells  at  DIV8 
(Table  3).  These  GFAP-positive  cells  were  identifiable  as 
protoplasmic  astrocytes  (Fig.  6J)  or  fibrous  astrocytes 
(Fig.  6K).  Protoplasmic  astrocytes  have  irregular  cell  bod¬ 
ies  with  broad  processes  (Fig.  6J),  while  fibrous  astrocytes 
have  round  cell  bodies  with  many  thin  processes  (Fig.  6K). 
In  contrast,  a  much  smaller  percentage  (2%)  of  these  cul¬ 
tured  cells  at  DFV8  expressed  an  oligodendrocyte  marker 


Fig.  4  (Overleaf.)  The  OB  in  elderly  and  young  adult  humans  has 
copious  newborn  neurons  and  NSC.  A:  Sagittal  section  of  an  aged 
human  OB  immunolabeled  for  TUC4  (brown-black  color)  and  coun- 
terstained  with  cresyl  violet.  The  human  OB  is  densely  populated 
with  small  cells  as  shown  by  cresyl  violet  staining.  A  high  concentra¬ 
tion  of  TUC4  staining  is  present  in  the  OB  core  (delineated  by  small 
white  arrowheads)  and  within  the  olfactory  nerve  layer  (OB  surface). 
B:  Cresyl  violet  staining  shows  that  cells  (arrows)  in  the  OB  core  of 
aged  individuals  have  a  morphology  that  is  similar  to  the  cells  in  the 
OB  core  of  rodents  (mouse  and  rat).  C:  Many  newborn  neurons  are 
present  in  the  OB  of  elderly  humans  as  identified  by  the  expression  of 
TUC4  (brown  labeling).  Cresyl  violet  counterstaining  reveals  the  cells 
not  immunolabeled.  D:  The  OB  core  of  young  adult  humans  also 
contains  subsets  of  cells  that  are  TUC4-positive  (brown  labeling), 
while  other  cells  (cresyl  violet  counterstaining)  are  not  immunoposi- 
tive.  E:  Sagittal  section  of  aged  human  OB  immunolabeled  for  nestin. 
High  levels  of  nestin  immunoreactivity  (brown  color)  are  present  in 
the  posterior  OB  core  (arrowhead)  and  the  shell  (arrow,  olfactory 
nerve  layer).  F:  Nestin-positive  cell  bodies  and  processes  (arrows, 
brown  labeling)  in  elderly  human  OB  core.  G:  Nestin-positive  cell 
bodies  and  processes  (arrows,  brown  labeling)  in  the  olfactory  nerve 
and  glomerular  layers  of  the  elderly  human  OB.  H:  The  OB  core  of 
young  adult  humans  contains  many  cells  that  are  nestin-positive 


(arrows,  brown  labeling,  cells  are  seen  in  their  long  axis),  while  other 
cells  (cresyl  violet  counterstaining)  are  not  immunopositive.  I:  TUC4 
and  NeuN  colocalize  in  human  OB  core  cells.  TUC4  was  visualized 
with  DAB  (brown  color)  and  NeuN  was  detected  with  cobalt-DAB 
(blue  staining).  Single-labeled  TUC4  cells  (single  arrow)  are  present, 
but  many  TUC4-positive  cells  coexpress  NeuN  (double  arrows).  Most 
of  the  double-stained  cells  are  incompletely  labeled  and  both  brown 
and  dark  blue/black  can  be  seen.  J:  TUC4  and  GFAP  do  not  colocalize 
in  human  OB  cells.  TUC4  was  visualized  with  cobalt-DAB  (blue  color) 
and  GFAP  was  detected  with  DAB  (brown  staining).  TUC4-positive 
cells  (single  arrows)  and  GFAP-positive  cells  (arrowheads)  are  differ¬ 
ent  populations  of  cells.  Although  these  cells  intermingle  and  overlap, 
careful  focusing  through  the  z-axis  verified  the  absence  of  colocaliza¬ 
tion  of  TUC4  and  GFAP.  K:  The  human  OB  is  enriched  in  TuJl.  The 
neurons  (arrows)  show  strong  somatodendritic  labeling  (brown  color) 
with  one  or  two  processes  (arrowheads)  similar  to  the  neuronal  label¬ 
ing  in  rodents  (mouse  and  rat).  The  uneven  cell  density  may  be 
attributable  to  fiber  bundles.  L:  The  neuroepithelial/glial  progenitor 
cell  marker  vimentin  is  expressed  in  human  OB  cells  (arrows,  brown 
labeling).  The  cells  extend  neurites  (arrowheads)  typical  of  migrating 
cells.  Cresyl  violet  counterstaining  reveals  the  cells  not  immunola¬ 
beled.  Scale  bars  =  1236  p,m  in  A  (applies  to  E),  32  |rm  in  B  (applies 
to  C,D,F^J);  46  |xm  in  K,  12  jim  in  L. 
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(Pig.  6L;  Table  3).  These  results  demonstrate  the  multi¬ 
potency  of  adult  OB  core  cells  by  both  clonal  and  popula¬ 
tion  analyses. 

In  vitro  expansion  and  differentiation 
of  adult  OB  core  NSC  stimulated 
with  growth  factors 

We  evaluated  the  responsiveness  of  cells  derived  from 
adult  OB  core  and  their  primary  spheres  to  growth  factors 
in  vitro.  Primary  cultures  were  stimulated  with  10  or  100 
ng/ml  bFGF  or  (3-NGF,  and  proliferation  and  differentia¬ 
tion  potential  were  evaluated.  Attached  colonies  with 
BrdU  incorporation  were  used  as  a  measure  of  cell  prolif¬ 
eration,  and  TuJ  1  labeling  of  cells  was  used  as  a  marker 
for  neuronal  differentiation. 

Isolated  BrdU-positive  cells  in  control  cultures  (i.e., 
cells  treated  with  1%  BSA  in  PBS  as  vehicle)  were  scat¬ 
tered  throughout  the  cultures  at  DIV4.  Baseline  prolifer¬ 
ation  capacity  of  isolated  OB  core-NSC  was  high,  as  —45% 
of  the  total  cells  were  BrdU  labeled  (Figs.  7A,B,  8A). 
However,  the  number  of  colonies  (attached,  dispersing 
neurospheres)  was  low  and  colony  size  was  small  in  con¬ 
trol  cells  (Table  4).  NSC  proliferation  was  stimulated  by 
bFGF  (Figs.  7C,D;  8A,B).  The  number  of  BrdU-positive 
cells  after  bFGF  exposure  (100  ng/ml)  was  significantly 
higher  than  control  cells  and  NGF  (100  ng/ml)  stimulated 
cells  (Figs.  7C-F;  8A,B).  BrdU-positive  cells  often  ap¬ 
peared  as  clusters.  Total  cell  number  was  also  signifi¬ 
cantly  higher  in  bFGF  stimulated  (100  ng/ml)  cultures 
compared  to  control  and  NGF  treated  cultures  (Fig.  8B). 
The  percentage  and  total  number  of  BrdU-positive  cells  in 
NGF  treated  cultures  was  not  significantly  different 
from  control  (Figs.  7E-H;  8A,B);  however,  the  total  num¬ 
ber  of  cells  after  NGF  stimulation  was  higher  than 
control  (Fig.  8B).  Colony  number  and  size  were  higher 
in  bFGF  (100  ng/ml)  treated  cultures  compared  to  con¬ 
trol  and  100  ng/ml  p-NGF  treated  cultures  (Table  4).  A 
lower  concentration  of  bFGF  (10  ng/ml)  also  stimulated 
proliferation  of  neural  progenitor  cells,  but  the  prolifer¬ 
ation  response  was  less  obvious  than  that  achieved  with 
100  ng/ml.  The  percentage  of  TuJl-positive  cells  in 
bFGF  treated  cultures  was  similar  to  control,  while 
NGF  stimulation  increased  in  the  percentage  of  TuJl- 
positive  cells  (Fig.  8C).  NGF  at  10  ng/ml  induced  a 
classic  NGF  response  (“halo  effect”)  in  cultured  OB  core 
NSC  (Fig.  7G,H).  Colocalization  of  BrdU  and  TuJl  re¬ 


vealed  that  a  large  proportion  (>50%)  of  the  replicated 
cells  became  neurons  (Fig.  71, J). 

NSC  from  the  adult  OB  core  can 
differentiate  into  specific  types  of  neurons 
and  distribute  terminals  on  muscle  cells 

We  examined  the  potential  of  NSC  from  the  adult  OB  to 
differentiate  into  specific  types  of  neurons  by  their  cocul¬ 
ture  with  skeletal  muscle  cells.  The  myoblasts  proliferated 
very  rapidly  and  fused  into  myotubes  after  confluence 
(Fig.  9A,  rat  myoblasts  cultured  for  6  days).  With  two 
different  coculture  approaches  at  different  durations  of 
coculture,  the  NSC  distributed  throughout  the  culture 
well  among  the  muscle  cells  and  were  easily  distinguish¬ 
able  from  the  muscle  cells  using  neuron  specific  markers 
(Fig.  9).  Both  coculture  approaches  were  successful  (Fig. 
9B-K)  and  yielded  similar  results  for  the  same  coculture 
times.  Many  TuJl-positive  neurons  were  present  in  4-day 
(Fig.  9B,C)  and  8-day  cocultures  (Fig.  9F).  At  coculture 
day  4,  56%  and  44%  of  the  class  III  3-tubulin-positive 
neurons  were  bipolar  or  multipolar,  respectively.  At  cocul¬ 
ture  day  8,  36%  and  64%  of  the  class  III  3-tubulin-positive 
neurons  were  bipolar  or  multipolar,  respectively.  MAP2 
immunostaining  was  fainter  on  coculture  day  4  (Fig.  8D) 
compared  to  the  intense  labeling  on  coculture  day  8  (Fig. 
9E).  MAP2  positive  neurons  were  morphologically  imma¬ 
ture  at  coculture  day  4  (Fig.  9D)  compared  to  labeled  cells 
at  coculture  day  8  (Fig.  9E).  Day  4  cells  had  shorter  pro¬ 
cesses  and  smaller  cell  bodies  than  day  8  neurons.  The 
synaptic  protein  synaptophysin  was  also  strongly  ex¬ 
pressed  in  many  adult  OB  core-derived  neurons  cocul¬ 
tured  with  muscle  cells  (Fig.  9G-K).  These  neurons  dis¬ 
played  prominent  varicosities  along  their  arborized  axons 
that  resembled  boutons  en  passage  on  muscle  cells  (Fig. 
91).  These  processes  were  distributed  throughout  the  cul¬ 
ture  on  muscle  cells,  suggesting  innervation  of  muscle 
cells.  These  neurons  also  showed  the  potential  to  form 
synapses  either  recurrently  or  with  other  neurons,  as 
shown  by  the  formation  of  perisomatic  (Fig.  9J)  and  peri- 
dendritic  (Fig.  9K)  boutons  that  were  positive  for  synap¬ 
tophysin. 

OB  derived  NSC  were  induced  to  differentiate  structur¬ 
ally  and  neurochemically  into  different  types  of 
neurotransmitter-specific  neurons.  Single  and  cocultures 
were  evaluated  for  cholinergic  (ChAT  and  AChE),  pepti¬ 
dergic  (SP),  and  GABAergic  (GAD)  neurons.  Neurons  im- 


Fig.  5  (Overleaf.)  Single  cell  clonal  analysis  of  adult  OB  core 
neurosphere  cells  demonstrating  self-renewal  and  multipotency. 
A:  Floating  spheres  derived  from  OB  core  cells  can  be  cryopreserved 
and  then  subsequently  thawed  and  passaged.  Phase  contrast  micros¬ 
copy  showing  a  single  cell  from  a  dissociated  cryopreserved  primary 
neurosphere  derived  from  the  adult  rat  OB  core.  Single  cells  were 
transferred  to  different  wells  (1  cell/well)  for  clonal  analysis.  B:  Sec¬ 
ondary  floating  neurosphere  (at  DIV3)  derived  from  a  single  cell 
(phase  contrast  microscopy).  C:  Numerous  floating  neurospheres  are 
derived  from  a  single  cell  after  several  passages  for  2-3  weeks  (phase 
contrast  microscopy).  D:  Higher-passaged  attached  neurospheres  are 
found  during  the  entire  culture  period  (phase  contrast  microscopy). 
Attached  neurospheres  remain  viable  (bright  halos)  and  extend  neu- 
rites.  E:  Many  attached  spheres  flattened  and  are  positive  for  class  III 
p  tubulin.  F:  Phase  contrast  image  of  higher-passaged  spheres  that 
were  allowed  to  attach  for  characterization  of  multipotency  (shown  in 
G).  The  white  arrow  identifies  the  same  neurospheres  that  are  shown 


in  G  (see  white  arrow)  and  in  a,  b,  and  c  at  higher  magnification. 
G:  Triple  immunofluorescence  staining  (triple  exposure)  for  class  III  p 
tubulin  (blue),  GFAP  (green),  and  04  (red)  showing  the  multipotency 
of  higher-passaged  OB  spheres.  Pink  represents  the  overlap  of  red 
(04)  and  blue  (class  III  p  tubulin)  fluorescence.  All  of  the  cells/spheres 
shown  are  also  seen  under  phase  contrast  (see  F).  A  sphere  (white 
arrow)  is  shown  to  be  multipotent  under  different  filters  at  higher 
magnification  in  lower  panels  to  show  staining  for  class  III  p  tubulin 
(a,  blue),  GFAP  (b,  green),  and  04  (c,  red).  H:  Cells  derived  from 
attached  dispersed  adult  OB  core  spheres  (7  days  after  conditioned 
medium)  were  multipotent  as  demonstrated  by  triple  immunofluores¬ 
cence  staining  for  class  III  p  tubulin  (blue,  short  broad  arrows),  GFAP 
(green,  thin  arrows),  and  04  (red,  arrowhead).  Some  cells  in  a  prim¬ 
itive  stage  of  differentiation  expressed  more  than  one  cell  type 
marker,  notably  neuronal  and  oligodendrocyte  markers.  Scale  bars  = 
20  pm  in  A  (applies  to  B-D),  40  pm  in  E,  32  pm  in  F  (applies  to  G),  12 
pm  in  H. 
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TABLE  3.  Immunophenotypic  identification  of  adult  rat 
OB  core  primary  cells  in  vitro 


Cell  type 
marker 

Percentage  of 
cells1 

Nestin 

43.6  ±  1.9* 

TUC4 

5  ±  1.4 

TuJl 

5  ±  1.8 

MAP5 

7  ±  2.5 

GFAP 

30.9  ±  8.5 

MBP 

2.4  ±  1.0 

Percentage  of  the  total  cells  in  single  35- mm  wells  (including  NSC  and  definite  neurons 
and  glial  cells)  at  DIV8.  Only  intense,  completely  labeled  cells  were  counted.  Faintly 
labeled  presumptive  progenitor  cells  were  not  included  in  the  counts.  Values  arc 
mean  ±  standard  deviation. 

2In  DIV45  cultures  the  percentage  of  nestin-positive  cells  was  12.6  ±  4.8%. 


munoreactive  for  ChAT,  SP,  and  GAD  were  found  in  single 
cultures  (Table  5).  At  coculture  day  4,  subsets  of  neurons 
were  strongly  immunoreactive  for  ChAT  (Fig.  10A;  Table 
5).  More  ChAT-positive  cells  were  found  in  cocultures 
compared  to  single  cultures  of  OB  core  cells  (Table  5). 
Some  of  these  ChAT-positive  neurons  were  large  multipo¬ 
lar  neurons  (Fig.  10B),  which  were  rarely  seen  in  single 
cultures.  The  number  of  ChAT-positive  cells  increased 
significantly  with  time  in  coculture  (Table  5).  Large  mul¬ 
tipolar  neurons  were  also  AChE-positive  (Fig.  IOC).  Evi¬ 
dence  for  the  formation  of  neuromuscular  junctions  was 
obtained  using  AChE  histochemistry  to  identify  motor  end 
plates  on  muscle  cells.  AChE-positive  motor  end  plates 
were  distributed  throughout  the  cocultures  along  myo¬ 
cytes  (Fig.  10D).  Immuno-EM  was  used  to  definitively 
show  the  formation  of  synapses  in  NSC-muscle  cell  cocul¬ 
tures.  Synaptophysin-positive  axon  terminals  formed  neu¬ 
romuscular  junctions  with  the  presence  of  a  synaptic  cleft 
(Fig.  10E,F).  SP-positive  neurons  bearing  a  unipolar/ 
bipolar  morphology  were  present  in  the  cocultures  (Fig. 
9G).  The  number  of  SP-positive  neurons  was  significantly 
higher  in  cocultures  compared  to  single  cultures  of  OB 
core  cells  (Table  5).  GAD-positive  neurons  were  also 
present  in  single  and  cocultures.  Their  numbers  decreased 
significantly  with  time  in  coculture,  compared  to  the  sin¬ 
gle  cultures  (Table  5).  The  GAD-positive  cells  were  mostly 
small  and  bipolar,  regardless  of  culture  condition.  GAD 
immunoreactivity  did  not  colocalize  with  ChAT  in  large 
multipolar  neurons  in  cocultures. 


Adult  mouse  OB  core  NSC  are  pluripotent 

OB  core  cells  were  evaluated  for  pluripotency.  OB  core 
cells  were  isolated  from  transgenic  GFP  mice.  These  cells 
could  be  cultured  with  maintained  high  levels  of  GFP 
without  silenced  expression  (Fig.  11A).  Several  different 
events  appeared  to  occur  simultaneously  when  GFP 
mouse  OB  core  cells  and  spheres  were  cocultured  with 
mouse  myoblasts.  At  coculture  day  5,  —7-9%  of  OB  core 
cells  expressing  GFP  had  adopted  the  morphology  of  mul¬ 
tipolar  neurons  (Fig.  11B).  Other  GFP  cells  remained 
round  without  neurites  or  had  1-2  short  neurites  or  be¬ 
came  spindle-like  (Fig.  1 1C)  or  remained  as  neurospheres 
(Fig.  11F).  Many  other  GFP  cells  (—30-50%)  at  coculture 
day  5  showed  a  myocyte  morphology  (Fig.  11D,E).  All  of 
these  myocyte-like  cells  had  at  least  one  prominent  broad 
elongated  process.  Some  of  these  cells  were  multinucle- 
ated  (Fig.  11E)  with  GFP  revealing  the  nuclei.  On  the  5th 
day  of  coculture  about  30%  of  the  GFP  cells  had  the 
morphology  of  young  myotubes  and  expressed  myosin 
heavy  chain  (Fig.  11F-J). 

DISCUSSION 

We  conducted  an  in  vivo  and  in  vitro  analysis  of  OB  core 
cells  to  extend  the  understanding  of  the  location,  proper¬ 
ties,  and  potential  of  NSC  in  the  adult  mammalian  brain. 
Our  interest  in  the  OB  was  sparked  because  this  region  in 
the  adult  brain  could  be  a  potential  accessible  source  of 
NSC  for  cell  therapy  in  neurological  disorders  (Liu  and 
Martin,  2001;  Gritti  et  al.,  2002).  The  OB  core  of  adult 
mouse  and  rat  contains  numerous  newly  replicated  cells. 
Many  of  these  cells  expressed  newborn  neuron  or  NSC 
markers.  The  in  vitro  characterization  of  adult  rat  and 
mouse  OB  core  cells  showed  that  these  cells  have  self- 
renewal  capacity  and  can  generate  clonal  neurospheres 
that  can  be  serially  passaged  and  cryopreserved  with 
maintained  multipotentiality  for  generating  neurons,  as¬ 
trocytes,  and  oligodendrocytes.  Their  number  can  be  ex¬ 
panded  using  growth  factors.  When  these  cells  are  cocul¬ 
tured  with  skeletal  muscle  cells,  they  can  be  induced  to 
become  neurons  that  have  a  specific  morphology  and  ex¬ 
press  specific  neurotransmitter  markers.  Adult  OB  core 
cells  also  can  become  muscle  cells.  Thus  adult  OB  core 
cells  fulfill  the  criteria  for  pluripotent  NSC  (Potten,  1997; 
Rao,  1999;  Gokhan  and  Mehler,  2001). 


Fig.  6  (Overleaf.)  Primary  cultured  cells  derived  from  adult  rat  OB 
core  cells  and  their  neurospheres  display  NSC  characteristics,  includ¬ 
ing  nestin  expression,  strong  replication  capacity,  and  multipotency. 
A,B:  Phase  contrast  images  of  OB  core  cell  cultures  at  3  days  (A)  and 
8  days  (B)  after  seeding  and  sphere  attachment.  Cells  at  DIV3  are 
round  and  extend  neurites.  In  DIV8  cultures,  a  subset  of  cells  remains 
round  while  other  cells  are  fusiform  and  extend  processes.  Note  the 
high  viability  (bright  halos),  the  good  morphology,  and  the  increased 
cell  density  (at  DIV8  compared  to  DIV3).  C:  BrdU  incorporation  of  OB 
core  cells  at  DIV4.  Numerous  cells  are  BrdU  positive.  D:  These  cell 
cultures  can  be  maintained  for  up  to  DIV45,  and  subsets  of  cells 
continue  to  express  nestin.  E:  Cells  at  DIV4  express  MAP5  (a  marker 
for  immature  neurons).  The  cell  body  and  the  processes  are  strongly 
labeled.  Growth  cones  are  also  seen.  The  expression  of  MAP5  drops 
when  the  neurons  mature  (data  not  shown).  Some  cells  remain  undif¬ 
ferentiated  in  morphology  but  also  express  MAP5  (arrows)  and  are 
found  within  clusters  of  neurons,  possibly  representing  neuronal  pro¬ 
genitors  resulting  from  asymmetrical  mitosis.  F:  MAP5  labeling  of 


cells  from  adult  OB  at  DIV8.  Compared  to  the  neurons  at  DIV4, 
neurons  at  DIV8  have  multipolar  cell  bodies  and  long  slender  pro¬ 
cesses.  Many  fewer  growth  cones  are  present.  Subsets  of  MAP5- 
positive  cells  without  a  definite  neuronal  morphology  are  also  present 
(arrows).  G:  TuJl  labeled  neurons  in  the  culture  from  adult  OB  at  day 
DIV8.  TuJl  antibody  specifically  identifies  neuron-specific  class  III 
p-tubulin.  Morphologically  undifferentiated  TuJl-positive  cells  are 
present  (arrows)  among  the  clusters  of  neurons.  H:  TUC4  labeling  of 
OB  cells  at  DIV4  (the  boxed  area  is  shown  in  panel  I).  I:  Higher 
magnification  of  boxed  area  in  panel  H  showing  TUC4  labeling  of 
neurons  and  their  processes  and  growth  cones.  J:  A  dispersing  clonal 
aggregate  of  GFAP-positive  protoplasmic  astrocytes  at  DIV4.  K:  Clus¬ 
ter  of  GFAP-positive  fibrous  astrocytes.  These  cells  are  distinct  mor¬ 
phologically  from  protoplasmic  astrocytes  (shown  in  panel  J).  L:  Some 
cells  in  adult  OB  core  cultures  differentiate  into  oligodendrocytes 
expressing  myelin  basic  protein.  Scale  bar  =  92  pm  in  H  (applies  to 
B),  48  pm  in  A,  23  pm  in  L  (applies  to  C-G,I-K). 
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Fig.  7.  Adult  OB  core  NSC  respond  to  growth  factors  in  vitro. 
Adult  OB  cell  cultures  were  exposed  to  bFGF  and  p-NGF  at  DIV3  in 
DMEM  without  serum.  Cell  proliferation  was  assayed  by  BrdU  incor¬ 
poration.  The  responses  in  the  different  treatment  groups  are  illus¬ 
trated  as  image  pairs  (A,B;  C,D;  E,F;  G,H)  of  low  and  higher  magni¬ 
fication  views  showing  the  generality  of  the  response  (low 
magnification)  and  the  morphology  of  the  cells  (high  magnification). 
BrdU-positive  cells  have  black  nuclei.  A,B:  Cells  from  a  vehicle 
treated  culture.  Untreated  cells  have  a  strong  potential  for  prolifera¬ 
tion.  In  nonreplicating  cells,  BrdU  is  assimilated  but  is  not  incorpo¬ 
rated  into  the  nucleus  (see  cell  in  B  at  left).  C,D:  Cells  in  a  culture 
treated  with  bFGF  (100  ng/ml).  Cell  proliferation  was  promoted 
strongly  by  100  ng/ml  bFGF  (see  Fig.  8A,B  and  Table  4  for  quantifi¬ 
cation).  Many  of  the  BrdU-positive  cells  have  immature  morphologies 
with  numerous  short  neurites.  E,F:  A  cell  colony  from  a  culture 
treated  with  (5-NGF  (100  ng/ml).  The  cells  appear  larger  with  more 


dendritic  development  than  the  bFGF-treated  cells.  G,H:  Cells 
treated  with  pS-NGF  (10  ng/ml).  Some  cells  show  a  classic  NGF  re¬ 
sponse  with  numerous  radiating  neurites  (cells  at  left  have  “halo 
effect”),  although  other  cells  show  more  advanced  dendritic  differen¬ 
tiation  (cell  at  right).  I,J:  Colocalization  of  BrdU  (I)  and  TuJl  (J). 
BrdU  was  detected  with  the  ABC  method  using  DAB,  and  TuJl 
staining  was  detected  with  immunofluorescence  (seen  as  white  be¬ 
cause  of  black-and-white  photography).  These  same  cells  are  shown  in 
both  panels.  Most  of  the  replicating  cells  become  neurons  (arrow¬ 
heads)  as  shown  by  the  colocalization  of  nuclear  BrdU  labeling  (I, 
black  DAB)  and  the  cytoplasmic  labeling  for  neuron-specific  tubulin 
(I,  white  labeling).  The  cell  without  BrdU  labeling  (I,  arrow)  is  well- 
differentiated  neuron  because  of  tubulin  expression  (J,  arrow).  Scale 
bars  =  50  pm  in  A  (applies  to  C,E,G),  25  pm  in  B  (applies  to 
D,F,H,I,J). 
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V~\  Total  Number  of  Cells 


H  Number  of  BrdU+  Cells 


Vehicle  NGF  FGF 

Treatment 


c 


Vehicle  NGF  FGF 

Treatment 


TABLE  4.  NSC  from  adult  rat  OB  core  respond  to  growth  factors  in  vitro 


Treatment1 

Number  of 
colonies'1' 

Range  in  cell 
number/colony 
(average  colony 
size) 

Number  of 
colonies  counted 
for  size 
determination 

Vehicle 

1.2 

6-13  (7.6) 

18 

fJNGF 

1.9 

6-23(10.4) 

20 

bFGF 

5.5 

6-36(15.0) 

50 

'Values  are  derived  from  3-5  35-mm  wells  for  each  condition. 

‘'The  value  represents  the  average  number  of  colonies  {attached,  dispersed  neuro¬ 
spheres)  per  field  based  on  30  microscopic  fields  {at  40x)  for  each  treatment. 


Adult  brain  OB  core  is  a  reservoir 
of  newly  generated  neuronal  progenitor 
cells  and  NSC 

We  found  that  the  OB  core  of  adult  mouse  and  rat 
contains  copious  newly  born  cells  in  vivo.  This  finding  is 
important  because,  although  persistent  cell  division  in  the 
adult  mouse  and  rat  OB  has  been  documented  (Hinds, 
1968;  Altman,  1969;  Kaplan  and  Hinds,  1977;  Bayer, 
1983),  definitive  evidence  for  the  birth  of  neurons  specifi¬ 
cally  within  the  adult  OB  core  is  uncommon.  Most  studies 
have  focused  on  the  granule  cell  layer  and  have  resorted  to 
tentative  cell  type  identification,  rather  than  specific  cell 
immunophenotyping.  Only  one  prior  study  (Zigova  et  al., 
1998)  has  found  newly  generated  neurons  specifically  in 
the  adult  rat  OB  core  (subependymal  zone).  The  presence 
of  large  numbers  of  newly  generated  cells  in  the  adult  OB 
core  is  likely  to  be  due  to  both  high  birth  rate  and  accu¬ 
mulation  of  migrating  newborn  cells.  The  cell  proliferation 
was  a  mixture  of  neurogenesis  and  NSC  expansion  be¬ 
cause  BrdU  colocalized  with  a  specific  newborn  neuron 
marker  (TUC4)  and  an  NSC  marker  (nestin),  respectively. 
The  overall  distribution  of  TUC4  expressing  cells  in  the 
OB  core  was  almost  identical  to  that  of  BrdU  labeling,  and 
was  also  similar  to  nestin  and  class  III  p-tubulin  localiza¬ 
tions.  This  information  is  new,  in  that  nestin  and  TUC4 
positive  cells  have  not  been  shown  before  in  the  adult  OB 
core  of  mouse,  rat,  or  human.  The  classification  of  these 
cells  according  to  the  scheme  developed  for  the  SVZ 
(Alvarez-Buylla  and  Garcfa-Verdugo,  2002)  is  tentative. 
The  TUC4-positive  cells  are  likely  to  be  similar  to  the  type 


Fig.  8.  Quantification  of  adult  OB  core  NSC  responses  to  growth 
factors  in  vitro.  A:  Percentage  of  BrdU  labeled  cells  relative  to  the 
total  number  of  cells  in  cultures  exposed  to  fi-NGF,  bFGF,  or  vehicle 
(1%  BSA  in  PBS).  The  number  of  BrdU  labeled  cells  in  bFGF  treated 
culture  is  significantly  higher  than  that  in  NGF-treated  (**,  P  <  0.01) 
and  vehicle-treated  (++,  P  <  0.01)  cultures,  indicating  bFGF  pro¬ 
motes  expansion  of  NSC  from  adult  OB  core.  The  percentages  of  both 
NGF  and  vehicle  treated  cultures  were  similar.  B:  Total  number  of 
cells  and  total  number  of  BrdU  labeled  cells  in  cultures  treated  with 
(3-NGF,  bFGF,  and  vehicle.  Both  the  total  number  of  cells  (**,  P  < 
0.01)  and  the  total  number  of  BrdU  labeled  cells  (AA,  P  <  0.01)  in 
bFGF  treated  cultures  are  significantly  higher  than  vehicle-treated 
cells.  The  total  number  of  cells  in  NGF  treated  cultures  is  significantly 
higher  than  vehicle-treated  cells  (**,  p  <  0.01).  The  total  number  of 
cells  (+ ,  p<  0.05)  and  total  number  of  BrdU  labeled  cells  (##,P  <  0.01) 
are  significantly  higher  in  bFGF-treated  cultures  compared  to  NGF- 
treated  cultures.  C:  Percentage  of  TuJl  labeled  cells  in  cultures 
treated  with  (3-NGF,  bFGF,  and  vehicle.  The  number  of  TuJl-labeled 
neurons  is  significantly  higher  in  (3-NGF  treated  cultures  compared  to 
vehicle-treated  cells  ( *,P  <  0.01).  bFGF  treatment  had  no  significant 
effect  on  TuJl  labeling. 
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TABLE  5.  Adult  rat  OB  core  NSC  cocullurod  with  muscle  colls  show 
induction  of  ncurotransmitters 


Neurotransmitter 

marker 

Number  of  immunopositive  cells1 

Single 

culture2 

Coculture 
(4  days):* 

Coculture 
(8  days)'1 

ChAT 

22  ±  5 

61  ±  8* 

146  t.  26** 

Substance  IJ 

10.5  ±  0.5 

nd 

29.5  ±  1.5* 

GAD 

21  ±  1.3 

15.7  .1:  1.1* 

12.5  A  1.5* 

'Number  of  iniimmoreactive  cells  in  single  35 -mm  wells  (2-3  wells)  determined  from  6 
microscopic  fields  at  20x.  Values  are  mean  ±  standard  deviation,  nd,  not  determined. 
Single  asterisk  (t)  denotes  significant  difference  (P  <  .001)  compared  to  single  culture. 
Double  asterisk  (**)  denotes  significant  difference  ( P  <  .001)  compared  to  4  day 
coculture. 

’^Single  cultures  were  used  at  DIVIO. 

''Cocultures  at  4  days  were  at  a  total  of  6  days  in  vitro  (2  days  of  single  culture  +  4  days 
of  coculture  with  muscle  cells). 

4Cocultures  at  8  days  were  at  a  total  of  10  days  in  vitro  (2  days  of  single  culture  +  8  days 
of  coculture  with  muscle  cells). 


A  cells  within  the  SVZ  (Alvarez-Buylla  and  Garci'a- 
Verdugo,  2002),  and  thus  are  young  migrating  neurons  or 
neuronal  progenitor  cells.  BrdU  and  TUC4  colocalized  in 
~31%  of  OB  core  cells  (with  2  days  BrdU  incorporation). 
Thus,  a  significant  proportion  of  newly  replicated  cells 
found  in  the  adult  OB  core  have  become  newborn  neurons 
soon  after  they  are  born,  or  cells  in  the  adult  OB  core 
newly  committed  to  be  neurons  retain  the  capacity  to 
replicate  as  neuronal  progenitors.  This  latter  possibility 
has  been  suggested  to  occur  in  the  neonatal  RMS  (Men- 
ezes  et  al.,  1995).  Other  BrdU-positive  cells  were  nestin¬ 
positive  NSC  (33%  with  2  days  BrdU  incorporation),  indi¬ 
cating  in  vivo  expansion  of  the  NSC  population  within  the 
RMS  or  OB.  The  identity  of  the  cells  positive  for  nestin  is 
more  complicated  because  neuroepithelial  stem  cells, 
neuron-restricted  precursor  cells,  glial-restricted  precur¬ 
sor  cells,  oligodendrocyte/astrocyte  precursor  cells,  and 
some  differentiated  astrocytes  can  express  nestin  (Rao, 
1999).  The  nestin-positive  cells  in  the  OB  core  may  be 
similar  to  the  type  B  and  C  cells.  Type  B  cells  are  astro¬ 
cytes  (Alvarez-Buylla  and  Garcla-Verdugo,  2002).  Type  C 
cells  are  thought  to  be  the  highly  proliferative  neural 
precursor  cells  within  the  SVZ  and  are  usually  labeled  by 
sH-thymidine  (Alvarez-Buylla  and  Garcla-Verdugo,  2002). 
However,  type  A  and  type  B  cells  can  replicate  as  well.  An 
important  distinction  is  that  type  A  cells  isolated  from  the 
SVZ  do  not  appear  to  self-renew  in  vitro,  whereas  type  B 
and  type  C  cells  appear  to  generate  large  colonies  of  type 
A  young  neurons  (Lim  and  Alvarez-Buylla,  1999).  We 
found  that  isolated  OB  core  cells  self-renewed  in  vitro  and 


generated  neurons,  further  narrowing  the  possibility  that 
these  cells  could  be  similar  to  the  type  C  cells  of  the  SVZ 
or  they  may  be  the  same  population  of  cells.  The  OB  core 
is  considered  the  anterior-most  part  of  the  RMS  and  thus 
is  an  extension  of  the  SVZa  (Smart,  1961;  Altman,  1969; 
Luskin,  1993;  Lois  and  Alvarez-Buylla,  1994).  Cell  prolif¬ 
eration  has  been  found  along  the  RMS  from  the  SVZa  to 
the  OB  core  in  adult  mouse  (Smart,  1961)  and  neonatal  rat 
(Luskin,  1993;  Smith  and  Luskin,  1998;  Coskun  and 
Luskin,  2001).  Cells  with  neuronal  and  astrocytic  identi¬ 
ties  comprise  this  system  in  adult  mouse  (Jankovski  and 
Sotelo,  1996).  The  new  in  vivo  information  we  provide  here 
is  that  the  adult  mouse  and  rat  OB  core  is  a  major  repos¬ 
itory  of  newborn  neurons,  neuronal  progenitor  cells,  and 
NSC,  but  the  specific  origins  of  these  cells  requires  further 
study.  The  OB  core  appears  to  be  much  more  than  the 
mere  destination  of  RMS  cells  derived  from  the  SVZa.  The 
OB  core  in  the  adult  may  be  a  major  source  of  NSC  by 
virtue  of  a  very  active  RMS  that  supplies  it  (Zigova  et  al., 
1998),  and  itself  being  a  generator  of  NSC  and  neuronal 
progenitor  cells.  The  anatomical  location  of  the  OB  makes 
this  structure  accessible  for  harvesting  large  numbers  of 
NSC  and  neuronal  progenitor  cells  from  the  adult  CNS. 

A  determination  of  the  precise  fraction  of  cells  that  are 
born  specifically  within  the  OB  core  is  difficult,  because 
this  region  is  supplied  continuously  with  cells  from  the 
RMS,  where  proliferation  is  more  active  (Coskun  and 
Luskin,  2001),  and  because  cells  appear  to  migrate  out  of 
the  core  (see  Figure  2D-G).  A  portion  of  this  cell  replica¬ 
tion  seems  to  occur  directly  within  the  OB  core.  Evidence 
for  mitosis  in  the  adult  OB  core  was  shown  (see  Figures  1C 
and  2C).  The  BrdU  data  suggest  replication  of  cells  di¬ 
rectly  in  the  OB  core.  With  a  single  BrdU  pulse  and 
12-hour  survival,  the  BrdU  labeled  cells  in  the  OB  core 
appeared  as  daughter  pairs  in  close  proximity  (see  Figure 
ID),  and  most  positive  cells  had  incompletely  labeled  nu¬ 
clei  with  BrdU  immunoreactivity  that  was  aggregated  at 
the  margin  of  the  nucleus,  appearing  as  condensed  chro¬ 
mosomes  as  in  cells  at  late  prophase.  The  amount  of  cell 
replication  that  occurs  in  the  OB  core  appears  to  be  more 
robust  than  recognized  previously.  A  recent  study  of  the 
adult  dentate  gyrus  has  revealed  a  magnitude  of  cell  pro¬ 
liferation  much  greater  than  previously  realized  (Cam¬ 
eron  and  McKay,  2001).  More  experiments  need  to  be  done 
to  determine  the  amount  of  cell  replication  that  is  intrinsic 
to  the  adult  OB  core. 


Fig.  9  (Overleaf.)  Adult  OB  core-derived  NSC  generate  neuronal 
progeny  when  cocultured  with  myoblast  cells.  A:  Cultured  rat  skeletal 
myoblast  cells  at  DIV6  form  fused  confluent  sheets.  B:  Coculture  of 
OB  core  NSC  with  rat  myoblasts.  DIV2  OB  core  NSC  were  mixed  with 
myoblasts  and  cultured  for  an  additional  4  days.  TuJl  localization 
reveals  that  neurons  structurally  differentiate  as  bipolar  (black  ar¬ 
rows)  and  multipolar  cells  (white  arrowhead).  C:Higher  magnification 
of  the  neuron  (white  arrowhead  in  B)  with  a  multipolar  structural 
phenotype.  D:  MAP2  localization  in  DIV3  OB  core  NSC  that  were 
mixed  with  rat  myoblasts  and  cultured  for  an  additional  4  days. 
Faintly  labeled  bipolar  neurons  (white  arrow)  appear  less  mature 
than  neurons  cocultured  for  longer  times  (see  E).  E:  Cocultures  at 
DIV7  (coDIV7)  have  neurons  that  show  advanced  structural  differen¬ 
tiation  and  dark  staining  for  MAP2.  The  processes  are  longer  and  the 
staining  is  stronger  than  coDIV4  neurons  (D).  F:  CoDIV7  neurons  also 


show  strong  staining  for  TuJl.  The  neuronal  processes  are  long  and 
ramified  with  numerous  varicosities  distributed  on  muscle  cells.  Com¬ 
pare  the  neurons  to  TuJl  labeling  of  coDIV4  neurons  (Fig.  9)  and  OB 
core  neurons  cultured  alone  (Fig.  6G).  G:  DIV3  OB  core  cells  cocul¬ 
tured  with  myoblast  cells  for  5  more  days  express  the  presynaptic 
vesicle  protein  synaptophysin  (white  arrows).  H:  Higher  magnifica¬ 
tion  of  neurons  (boxed  area  in  panel  G)  strongly  immunopositive  for 
synaptophysin.  I:  Arborized  synaptophysin-positive  preterminal  axon 
distributes  terminals  (arrows)  on  muscle  cells.  Numerous  isolated 
synaptophysin-positive  terminal  boutons  are  present  on  the  muscle 
cells.  J:  Neurons  at  coDIV8  have  perisomatic  terminals  (arrows)  la¬ 
beled  for  synaptophysin.  K:  Neurons  at  coDIV8  have  peridendritic 
terminals  (arrows)  labeled  for  synaptophysin.  Scale  bars  =  92  pm  in 
A  (applies  to  B,G),  23  pm  in  C  (applies  to  D-F,H,J,K),  10  pm  in  I. 
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Fig.  10.  Adult  OB  core  cells  can  differentiate  into  neurons  with 
different  phenotypes  and  can  distribute  boutons  on  muscle  cells. 
A;  ChAT  protein  expression  is  strongly  induced  in  OB  core-derived 
neurons  (white  arrows)  when  cocultured  with  muscle  cells  (see  Table 
5  for  quantification).  Many  of  these  ChAT  expressing  cells  can  become 
large  multipolar  neurons  (see  cell  in  B).  B:  ChAT-positive  multipolar 
neuron  generated  from  OB  core  NSC  in  coculture  with  muscle  cells. 
C:  Subsets  of  OB  derived  cells  can  become  large  multipolar  AchE- 
positive  neurons  (arrows)  when  cocultured  with  muscle  cells. 
D:  AChE  histochemistry  reveals  the  formation  of  boutons  and  motor 
end  plates  (arrows)  on  skeletal  muscle  cells.  E:  Immuno-EM  demon¬ 


strates  that  OB  derived  neurons  can  form  neuromuscular  junctions 
when  cocultured  with  muscle  cells.  An  axon  terminal  immunolabeled 
for  synaptophysin  (arrow)  is  establishing  a  nascent  synaptic  junction 
(shown,  rotated  -45°,  at  higher  magnification  in  F)  with  a  muscle  cell 
(at  right).  F:  At  the  site  of  membrane  contact  between  the  axon 
terminal  (t)  and  the  muscle  cell,  a  synaptic  cleft  is  forming  (asterisks) 
and  the  muscle  cell  sarcolemma  is  folded  extensively.  G:  Subsets  of 
OB  derived  cells  cocultured  with  muscle  cells  are  induced  to  express 
SP  (white  arrows,  see  Table  5  for  quantification)  and  have  a  bipolar  or 
unipolar  morphology.  Scale  bar  (shown  in  A)  =  49  pm  in  A,  45  pm 
(applies  to  B-D,G),  0.5  pm  in  E,  0.2  pm  in  F. 


Adult  OB  core  contains  pluripotent  NSC 

We  isolated  and  cultured  adult  OB  core  cells  to  study 
their  NSC  characteristics.  This  detailed  in  vitro  charac¬ 
terization  of  OB  core  NSC  is  a  very  important  contribution 
of  this  study.  Only  one  other  group  has  isolated  and  stud¬ 
ied  in  vitro  NSC  from  the  adult  rodent  OB  core  (Gritti  et 
al.,  2002).  They  showed  evidence  for  multipotent  NSC  in 
the  adult  mouse  OB  core  (Gritti  et  al.,  2002).  Our  work 
confirms  and  extends  this  recent  study.  We  showed  that 
adult  rat  OB  core  cells  have  the  cardinal  features  of  NSC 
by  population  and  formal  clonal  analyses.  Adult  OB  core 
cells  display  long-term  self-renewal  capacity  and  the  abil¬ 
ity  to  generate  clones,  express  nestin,  and  differentiate  in 
vitro  into  neurons,  astrocytes,  and  oligodendrocytes.  Their 
ability  to  proliferate  in  vitro  is  consistent  with  our  in  vivo 
BrdU  results.  Isolated  OB  core  cells  replicated  vigorously 
to  generate  primary  neurospheres  that  were  capable  of 
generating  secondary-  and  higher-passaged  spheres. 
These  neurospheres  could  be  cryopreserved  and  subse¬ 
quently  passaged.  OB  core-derived  cells  were  responsive 


to  both  bFGF  and  (3-NGF,  but  the  responses  were  differ¬ 
ent.  bFGF  further  promoted  the  proliferation  of  these 
cells.  bFGF  increased  the  number  of  colonies  and  colony 
cell  number.  In  contrast,  p-NGF  increased  the  number  of 
neurons  (identified  by  TuJl  positivity),  possibly  through 
effects  on  differentiation  or  survival.  The  only  similar 
study  done  on  adult  mouse  OB  (Gritti  et  al.,  2002)  did  not 
evaluate  differential  responses  of  OB  core  cells  to  growth 
factors.  Other  studies  have  successfully  propagated  in 
vitro  neural  progenitor  cells  isolated  from  adult  mouse 
and  rat  SVZ  and  hippocampus  (Kuhn  et  al.,  1997;  Chias- 
son  et  al.,  1999).  Our  study  is  the  first  to  demonstrate  the 
isolation,  propagation,  and  differentiation  of  large  num¬ 
bers  of  multipotent  NSC  from  the  adult  rat  OB,  specifi¬ 
cally  the  OB  core.  The  ability  of  these  cells  to  respond  to 
growth  factors  attests  to  their  general  viability  in  vitro. 
Our  clonal  analysis  showed  unequivocal  evidence  for  the 
multipotency  of  adult  OB  core  cells.  This  multipotency 
was  demonstrated  at  the  level  of  individual  spheres, 
clonal  cells,  and  OB  core-derived  primary  cell  cultures. 
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Fig.  11.  Adult  OB  core  NSC  are  pluripotent.  Primary  culture  (A)  of 
cells  derived  from  OB  core  neurospheres  of  transgenic  GFP  mice  and 
neurospheres  cocultured  with  mouse  skeletal  muscle  cells  for  5  days 
(B-J).  A:  GFP  is  localized  throughout  the  cytoplasm  and  in  the  nu¬ 
cleus  (see  cells  in  lower  left  comer  for  clear  nuclear  localization)  of  OB 
core  cells.  B:  Some  OB  core  derived  GFP  cells  differentiate  into  mul¬ 
tipolar  neurons.  C:  Some  OB  core  cells  remain  round  without  neurites 
or  have  1-2  short  neurites  (arrows)  or  become  spindle-like  (arrow¬ 
heads).  D:  Many  other  cocultured  GFP  cells  showed  a  myocyte  mor¬ 
phology.  All  of  these  cells  had  at  least  one  prominent  broad  elongated 


Our  results  are  different  from  the  results  of  an  in  vitro 
study  of  SVZa  cells  from  newborn  (PO)  rat  brain  showing 
that  most  (—90%)  of  the  cells  at  D1V3  are  TuJl-positive, 
although  the  number  of  GFAP  positive  cells  increased 
with  longer  durations  in  culture  (Luskin  et  al.,  1997). 
Independent  groups  now  confirm  the  in  vitro  multipotency 
of  adult  mammalian  OB  core-derived  NSC. 

We  suspected  the  possibility  of  OB  core  cell  transdiffer¬ 
entiation  into  nonneural  cells  in  vitro  and  evaluated  their 
potential  pluripotency  using  GFP  transgenic  mice.  This 
suspicion  was  based  on  the  observation  that  the  total 
number  of  neural  cells  in  mouse  OB  core  cell-muscle  cell 
cocultures  appeared  to  be  decreased  after  8  days,  without 
obvious  signs  of  increased  death.  Pluripotency  was  not 
evaluated  in  the  only  other  study  of  NSC  in  the  adult  OB 


process  and  a  GFP-positive  nucleus  (arrows).  E:  Some  of  these  GFP 
cells  that  appear  to  be  differentiating  into  myocytes  were  multinucle- 
ated.  F-I:  Subsets  of  young  myotubes  are  GFP-positive  (F  and  H, 
arrows).  GFP-OB  cell  neurospheres  are  still  present  (F,  lower  right). 
GFP  cell-derived  myotubes  express  myosin  heavy  chain  (G  and  I, 
arrows).  Note  that  the  GFP  labeling  is  homogeneous  throughout  the 
cytoplasm  (rather  than  particulate).  J:  Overlay  of  images  shown  in 
panels  H  and  I  demonstrating  the  colocalization  of  green  and  red 
(seen  as  yellow)  in  a  myotube  expressing  GFP  and  myosin  (arrow). 
Scale  bar  (shown  in  J)  =  115  pm  (applies  to  A-J). 


(Gritti  et  al.,  2002).  We  found  that  freshly  isolated  OB  core 
cells  and  cell  spheres  became  skeletal  muscle  cells  when 
cocultured  with  myoblasts.  We  interpret  this  phenomenon 
as  transdifferentiation,  rather  than  cell  fusion  (Ying  et  al., 
2002),  because  OB  core-GFP  cells  appeared  to  pass 
through  recordable  morphological  stages  of  differentia¬ 
tion.  We  did  not  find  evidence  for  myocytes  originating 
directly  from  large  multipolar  neurons.  Described  simplis- 
tically,  this  process  begins  with  round  cells  that  extend 
neurites  to  become  bipolar  cells  that  progressively  elon¬ 
gate  and  broaden  their  processes.  Multinucleation  ap¬ 
pears  to  occur  and  then  expression  of  muscle  cell  specific 
protein.  High  levels  of  GFP  were  localized  in  the  nucleus 
of  OB  core  cells,  and  most  of  the  differentiating  myocytes, 
some  of  which  were  multinucleated,  had  strong  nuclear 
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GFP.  OB  core  cell-derived  myocytes  at  different  stages  of 
morphological  differentiation  had  homogeneous  GFP  sig¬ 
nal  throughout  the  cytoplasm.  It  is  unlikely  that  this 
observation  is  the  result  of  myocytes  engulfing  debris  of 
GFP  cells,  because  the  labeling  was  not  particulate  within 
the  cytoplasm,  indicative  of  lysosomes.  The  pluripotency 
of  NSC  from  the  adult  mammalian  CNS  has  been  identi¬ 
fied  only  recently  (Bjornson  et  al.,  1999;  Galli  et  al.,  2000; 
Clarke  et  al.,  2000;  Rietze  et  al.,  2001).  Other  groups  have 
demonstrated  that  NSC  isolated  from  adult  mouse 
periventricular  region  can  generate  skeletal  muscle  cells 
(Galli  et  al.,  2000;  Clarke  et  al.,  2000;  Rietze  et  al.,  2001). 

NSC  from  adult  OB  core  have  the  capacity 

to  differentiate  into  morphologically  and 
neurochemically  distinct  types  of  neurons 

Cells  derived  from  the  neonatal  rat  SVZ  are  capable  of 
expressing  GABA  (Luskin,  1993),  and  neuronal  progeny 
from  the  adult  mouse  RMS  can  express  ChAT,  GABA,  and 
glutamate  (Gritti  et  al.,  2002).  We  examined  NSC  from 
adult  OB  in  single  and  cocultures  for  their  capacity  to 
differentiate  into  specific  types  of  neurons.  The  successful 
maturation  and  vitality  of  these  neurons  in  vitro  was 
evident  by  comparing  the  morphology  of  Tuj  1-stained  cells 
at  different  times  in  culture.  Generally,  there  was  a  shift 
in  shape  from  bipolar  to  multipolar  with  longer  time  in 
culture.  Some  cells  that  were  multipolar,  expressed  ChAT 
and  synaptophysin,  and  formed  terminal  boutons  on  myo¬ 
cytes.  Based  on  the  quantification  of  ChAT-positive  cells 
in  single  cultures  and  cocultures,  the  presence  of  muscle 
cells  induces  the  ChAT  phenotype.  The  myocytes  pos¬ 
sessed  AChE-positive  motor  end  plates,  consistent  with  a 
cholinergic  innervation.  Thus,  OB  core  NSC  may  have  the 
capacity  to  differentiate  into  motor  neurons.  OB-derived 
cells  also  differentiated  into  neurons  with  a  bipolar  mor¬ 
phology  and  expressed  SP  or  GAD.  The  expression  of  SP 
also  appeared  to  be  induced  by  the  presence  of  muscle 
cells.  In  coculture,  the  number  of  GAD-positive  cells  de¬ 
creased  as  the  number  of  ChAT-positive  cells  increased 
with  longer  time  in  coculture.  The  magnitude  of  change  in 
the  ChAT  induction  was  dramatic  (200-500%  increases) 
compared  to  the  loss  of  GAD  cells  (25-40%  decreases).  It  is 
not  clear  whether  the  GAD-positive  cells  are  losing  their 
phenotype,  selectively  dying,  or  becoming  the  cholinergic 
cells.  It  may  not  be  the  latter  because  of  the  lack  of  reci¬ 
procity.  The  cholinergic  cells  must  be  derived  from  other 
major  sources  of  cells.  Our  results  further  demonstrate 
the  versatility  of  NSC  derived  from  the  adult  OB  core  by 
the  epigenetic  induction  of  neurotransmitter  marker  ex¬ 
pression  by  another  type  of  cell. 


Adult  human  OB  contains  NSC  and 
newborn  neurons 

This  study  shows  for  the  first  time  the  location  of  NSC 
and  neuronal  progenitor  cells  in  the  adult  human  OB. 
With  regard  to  the  presence  of  these  cell  populations  in  the 
OB,  the  work  on  the  human  brain  is  more  difficult  to 
interpret  with  certainty,  as  compared  to  the  work  on  the 
rat  and  mouse  brain,  because  the  BrdU  experiments  in  the 
animals  helped  to  support  the  contention  that  NSC  are 
present  and  that  neurogenesis  is  ongoing.  Therefore,  with 
the  human  OB,  we  had  to  rely  on  immunocytochemical 
data.  There  were  at  least  two  related  concerns  to  overcome 


with  this  experimental  design.  One  concern  is  the  anti¬ 
body  markers  used  to  identify  NSC  and  newborn  neurons 
and  whether  the  labeled  cells  can  be  called  justifiably  NSC 
or  newborn  neurons.  The  second  concern  is  deciphering 
whether  the  labeling,  notably  in  the  older  cases  studied,  is 
confounded  by  an  age-related  process.  These  concerns 
were  neutralized  by  using  highly  specific  antibodies  that 
have  been  characterized  by  other  groups  and  by  studying 
the  OB  from  aged  humans  as  well  as  young  adult  humans 
as  controls.  Numerous  cells  in  the  OB  of  young  and  aged 
humans  are  positive  for  nestin,  vimentin,  and  TUC4.  The 
nestin  and  vimentin  staining  in  the  OB  of  aged  humans 
could  be  a  reflection  of  gliosis  due  secondarily  to  the  aging 
process.  However,  staining  for  nestin  was  also  strong  in 
the  OB  of  young  adult  individuals;  thus,  it  is  likely  that  a 
true  population  of  NSC  is  being  identified  and  it  is  not 
likely  to  be  due  solely  to  an  age-related  gliotic  process  and 
the  detection  of  glia  or  glial  progenitors.  Our  observations 
have  additional  significance  because  we  identified  new¬ 
born  neurons  in  the  OB  of  young  adult  and  aged  individ¬ 
uals.  TUC4  and  NeuN  (but  not  TUC4  and  GFAP)  colocal¬ 
ized  in  these  cells  supporting  the  contention  that 
neurogenesis  in  the  human  OB  is  a  continuing  process. 
This  colocalization  fulfills  a  standard  for  identifying  a  cell 
as  a  newborn  neuron  in  the  absence  of  BrdU  data  (Rakic, 
2002).  Our  study  supports  a  recent  in  vitro  study  showing 
that  NSC  can  be  isolated  from  the  human  OB  and  cultured 
(Pagano  et  al.,  2000).  Another  recent  study  has  identified 
NSC  in  the  adult  human  nasal  neuroepithelium  (Roisen  et 
al.,  2001).  Our  observations  in  the  human  brain  are  con¬ 
sistent  with  studies  on  the  nonhuman  primate  brain  re¬ 
vealing  the  presence  of  proliferating  neurons  in  the  RMS 
(Pencea  et  al.,  2001;  Kornack  and  Rakic,  2001).  It  is  nev¬ 
ertheless  essential  to  show  the  existence  and  location  of 
NSC  directly  in  the  human  CNS,  because  human  and 
nonhuman  primates  differ  in  many  aspects  of  forebrain 
organization  (Martin  et  al.,  1991).  A  previous  study  has 
reported  that  cell  proliferation  in  the  OB  is  diminished  in 
senescent  mice  (Tropepe  et  al.,  1997).  Much  more  work  is 
needed  on  these  cells  in  the  human  OB  at  different  ages  to 
appreciate  fully  their  abundance,  characteristics,  and  ver¬ 
satility  as  NSC,  as  well  as  their  potential  applications  to 
human  disease. 

Significance  of  NSC  in  the  adult  OB 

This  work  is  new  because  the  OB  is  not  usually  consid¬ 
ered  as  a  major  source  of  NSC  and  neural  progenitor  cells 
and  because  this  reservoir  of  pluripotent  NSC  is  found  in 
the  adult  brain.  The  OB  core  cells  are  particularly  inter¬ 
esting  because  within  this  population  some  cells  are  dif¬ 
ferentiating  while  other  cells  are  migrating.  Other  novel 
aspects  of  this  study  include  the  demonstration  that  these 
cells  can  be  driven  to  become  neurons  that  express  specific 
neurotransmitters  and  to  become  muscle  cells.  This  major 
population  of  cells  can  be  found  in  the  OB  of  adult  mouse, 
rat,  and  human.  Thus,  we  have  identified  a  major  alter¬ 
native  source  of  NSC  other  than  NSC  derived  from  fetal/ 
embryonic  tissues  and  from  cell  lines.  The  potential  of 
adult  OB  cells  to  become  specific  types  of  neurotransmit¬ 
ter  expressing  neurons,  glial  cells,  and  muscle  cells  war¬ 
rants  animal  studies  evaluating  the  effectiveness  of  these 
NSC  in  replacing  or  rescuing  neurons,  glia,  and  muscle 
cells  in  animal  models  of  disease  or  trauma. 
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Abstract.  Neuronal  death  is  normal  during  nervous  system 
development  but  is  abnormal  in  brain  and  spinal  cord  disease 
and  injury.  Apoptosis  and  necrosis  are  types  of  cell  death.  They 
are  generally  considered  to  be  distinct  forms  of  cell  death.  The 
re-emergence  of  apoptosis  may  contribute  to  the  neuronal 
degeneration  in  chronic  neurodegenerative  disease,  such  as 
amyotrophic  lateral  sclerosis  and  Alzheimer's  disease,  and  in 
neurological  injury  such  as  cerebral  ischemia  and  trauma.  There 
is  also  mounting  evidence  supporting  an  apoptosis-necrosis 
cell  death  continuum.  In  this  continuum,  neuronal  death  can 
result  from  varying  contributions  of  coexisting  apoptotic  and 
necrotic  mechanisms;  thus,  some  of  the  distinctions  between 
apoptosis  £fnd  necrosis  are  becoming  blurred.  Cell  culture  and 
animal  model  systems  are  revealing  the  mechanisms  of  cell 
death.  Necrosis  can  result  from  acute  oxidative  stress. 
Apoptosis  can  be  induced  by  cell  surface  receptor  engagement, 
growth  factor  withdrawal,  and  DNA  damage.  Several  families 
of  proteins  and  specific  biochemical  signal-transduction 
pathways  regulate  cell  death.  Cell  death  signaling  can  involve 
plasma  membrane  death  receptors,  mitochondrial  death 
proteins,  proteases,  kinases,  and  transcription  factors.  Players 
in  the  cell  death  and  cell  survival  orchestra  include  Fas 
receptor,  Bcl-2  and  Bax  (and  their  homologues),  cytochrome  c, 
caspases,  p53,  and  extracellular  signal-regulated  protein 
kinases.  Some  forms  of  cell  death  require  gene  activation,  RNA 
synthesis,  and  protein  synthesis,  whereas  others  forms  are 
transcriptionally-translationally-independent  and  are  driven  by 
posttranslational  mechanisms  such  as  protein  phosphorylation 
and  protein  translocation.  A  better  understanding  of  the 
molecular  mechanisms  of  neuronal  cell  death  in  nervous  system 
development,  injury  and  disease  can  lead  to  new  therapeutic 
approaches  for  the  prevention  of  neurodegeneration  and 
neurological  disabilities  and  will  expand  the  field  of  cell  death 
biology. 
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1.  Cell  death  classification 

Cell  death  is  a  concept.  Pathologists  conceived  cell  death  as  a 
mechanism  of  disease  (1).  The  death  of  cells  (or  the  absence  of 
appropriate  cell  death)  is  now  recognized  to  have  pathological 
and  normal  physiological  importance.  It  is  important  for 
normal  histogenesis  (2-4)  and  cellular  kinetics  of  healthy  and 
malignant  tissue  (5).  Cell  death  occurs  through  many  pathways 
and  has  been  classified  generally  as  two  distinct  types,  called 
apoptosis  and  necrosis,  because  they  differ  structurally  and 
biochemically.  These  distinctions  are  now  becoming  blurred. 
Recently  it  has  been  realized  that  cell  death’  exists  as  a 
continuum  with  apoptosis  and  necrosis  at  opposite  ends  of 
this  continuum  (6-9). 

Classical  apoptosis.  Apoptosis  is  normal  in  most  tissues.  It  is 
critical  for  the  normal  growth  and  differentiation  of  organ 
systems  in  vertebrates  and  invertebrates  (3,4,10,11).  For 
example,  the  cells  comprising  the  interdigital  webs  undergo 
massive  apoptosis  (necrosis  contributes  as  well)  to  establish 
the  pattern  of  the  fingers  and  toes.  Apoptosis  is  normal  in  the 
developing  nervous  system  of  invertebrates  and  vertebrates 
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Figure  1.  Naturally  occurring  cell  death  in  the  developing  brain.  Dying  cells  were  identified  by  deoxy-UTP-biotin  nick-end  labeling  (TUNEL)  as  a  marker  for 
DNA  fragmentation.  In  postnatal  day  1  rat  brain  (top  panel),  apoptosis  (black  anws)  is  found  in  cerebral  cortex  (A),  hippocampus  (B;  so,  stratum  oriens;  sp, 
stratum  pyramidal;  sr,  stratum  radiatum;  si,  stratum  lacuosum-moleculare),  striatum  (C),  and  inferior  colliculus  (D).  Scale  bar,  125  pm.  Distribution  and 
quantification  of  TUNEL-positive  cells  in  the  striatum  of  developing  rat  (bottom  panel)  at  embryonic  day  16  (E16)  and  postnatal  days  (PI,  P2,  and  P7).  The 
images  are  contours  of  midsagittal  sections  of  brain.  Each  dot  is  a  TUNEL-positive  cell.  TUNEL-positive  cells  were  counted  using  a  grid  overlay  on  similar 
midsagittal  sections  (lower  left).  Dotted  boxes  indicate  the  areas  where  neurons  were  counted  under  high  magnification.  The  values  (mean  cells/mm2)  are 
represented  graphically  (lower  right).  CBM,  cerebellum;  CX,  cerebral  cortex;  GE,  ganglionic  eminence;  HIP,  hippocampus;  STR,  striatum. 


(Fig.  1).  In  the  developing  chick  nervous  system,  large  numbers 
(~50%)  of  sensory  and  spinal  motor  neurons  undergo  apoptosis 
(2,12).  Iq  the  rodent  nervous  system,  apoptosis  occurs  as  well 
(Figs.  1  ind  2).  Studies  on  developmental  cell  death  need  to 


be  done  in  primates.  Apoptosis  occurs  continuously  in  cell 
populations  that  undergo  slow  proliferation  (e.g.,  liver  and 
adrenal  gland)  or  rapid  proliferation  (e.g.,  epithelium  of 
intestinal  crypts)  (13,14),  and  it  occurs  as  a  normal  event  in 
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Table  I.  Molecular  regulation  of  apoptosis. 


Bcl-2  family 

Antiapoptotic  proteins  Proapoptotic  proteins 


Bcl-xs 

Bad 

Bid 

Bik 


Caspase  family 

IAP  family 

Tumor  suppressor 
family 

Apoptosis  ‘initiators’: 

NAIP 

p53“ 

caspase-2,  -8,  -9,  -10 

SMN 

p63 

p73 

Apoptosis  ‘executioners’: 
caspase-3a,  -6,  -7 

IAP1 

Cytokine  processors: 

IAP2 

caspase- 1,  -4,  -5,-11,  12,-14 

XIAP 

“Identifies  proteins  that  have  significantly  altered  levels  in  individuals  with  ALS. 


the  deletion  of  lymphocyte  clones  after  an  immune  response 
(15).  Apoptosis  is  also  a  feature  of  the  atrophy  and  involution 
of  hormone-sensitive  tissues,  occurring  in  some  cell  types  after 
hormone  withdrawal  in  the  prostate  (16),  adrenal  cortex  (14), 
and  endometrium  (5).  Thus,  apoptosis  serves  as  an  antagonist 
to  mitosis  for  the  controlled  elimination  of  cells  that  are 
excessive  and  unnecessary.  Apoptosis  is  also  used  to  eliminate 


preneoplastic  and  malignant  cells  as  a  mechanism  to  prevent 
carcinogenesis.  Apoptosis  is  physiological  programmed  cell 
death  (PCD)  because  it  is  mediated  by  active,  intrinsic 
mechanisms  requiring  specific  molecules  (Table  I).  However, 
not  all  forms  of  PCD  occur  by  apoptosis  (17,18). 

Classical  apoptosis  has  a  distinctive  structure  (Fig.  2).  It 
has  a  type  I  morphology  as  defined  by  Clarke  (19).  The  cell 
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shrinks  and  is  dismantled  into  packages  in  a  regulated  manner. 
Nuclear  breakdown  is  orderly.  The  chromatin  condenses  into 
sharply  delineated,  uniformly  dense  masses  that  appear  as 
crescents  abutting  the  nuclear  envelope  or  as  smooth,  round 
masses  within  the  nucleus  (Fig.  2).  Cytoplasmic  breakdown 
is  also  orderly.  The  cytoplasm  condenses  (as  reflected  by  a 
darkening  of  the  cell  in  electron  micrographs,  see  Fig.  2),  and 
subsequently  the  cell  shrinks  in  size,  while  the  plasma 
membrane  remains  intact.  Condensation  of  the  cytoplasm  can 
be  associated  with  the  formation  of  translucent  cytoplasmic 
vacuoles  derived  from  the  endoplasmic  reticulum  or  the  Golgi 
apparatus.  It  is  thought  that  the  mitochondria  are  normal  and 
are  required  for  apoptosis.  Subsequently,  the  nuclear  and 
plasma  membranes  become  convoluted,  and,  then  the  cell 
undergoes  a  process  called  budding.  In  this  process,  the 
nucleus,  containing  smooth,  uniform  masses  of  condensed 
chromatin  (Fig.  2),  undergoes  fragmentation  in  association 
with  the  condensed  cytoplasm,  forming  cellular  debris  (called 
apoptotic  bodies)  composed  of  pieces  of  nucleus  surrounded 
by  cytoplasm  with  closely  packed  and  apparently  intact 
organelles.  A  double  membrane  surrounds  some  nuclear 
fragments,  but  others  are  not  membrane  bound.  Apoptotic 
cells  express  markers  (e.g.,  phosphatidylserine  or  sugars)  on 
their  surface  for  recognition  by  phagocytes.  The  final  phase  of 
apoptosis  in  vivo  is  phagocytosis  of  cellular  debris  (Fig.  2). 
Naturally-occurring  PCD  (Fig.  2)  is  the  ‘gold  standard’  for 
apoptosis  to  which  other  forms  of  cell  death  should  be 
compared  for  classification  (8,9). 

Non-apoptotic  PCD.  Apoptosis  and  PCD  are  not  inter¬ 
changeable  terms  (17).  Cells  can  die  by  non-apoptotic  forms 
of  PCD,  employing  PCD  mechanisms  distinct  from  apoptosis 
(17,18).  The  structure  of  non-apoptotic  PCD  can  be  similar  to 
the  type  II  (autophagic)  form  of  cell  death  (19).  Cells 
undergoing  autophagic  death  show  extensive  degradation  of 
cytoplasmic  organelles  prior  to  nuclear  destruction.  There  is 
no  internucleosomal  fragmentation  of  DNA  during  non- 
apoptotic  PCD  (17,18). 

Variants  of  classical  apoptosis  or  non-classical  apoptosis 
can  occur  during  nervous  system  development  (19,20)  and 
also  in  nervous  system  pathophysiology  (6-9).  Non-classical 
forms  of  apoptosis  occur  in  the  nervous  system  after  exposure 
to  neurotoxins  (6,7),  hypoxia-ischemia  (21,22),  and  in  human 
neurodegenerative  disease  (23-25). 

Cell  necrosis.  Necrosis  is  cell  death  (Fig.  3c,  d  and  f)  initiated 
by  rapid  and  severe  failure  to  sustain  homeostasis.  The  process 
of  cellular  necrosis  involves  damage  to  the  structural  and 
functional  integrity  of  the  cell  plasma  membrane  and  associated 
enzymes  (e.g.,  Na,K  ATPase),  rapid  metabolic  failure,  and 
abrupt  influx  of  ions  and  H20.  It  is  believed  that  cellular 
necrosis  is  the  passive  result  of  departures  from  physiological 
conditions  rather  than  from  a  specific  molecular  program  within 
dying  cells  (Fig.  4).  However,  specific  signaling  pathways 
may  still  cause  cellular  necrosis. 

The  morphology  of  classic  necrosis  is  very  distinct  from 
classic  apoptosis  (Figs.  2  and  3).  The  shape  of  the  moribund 
cell  is  maintained  until  it  disintegrates  in  vivo.  It  is  generally 
thought  that  a  necrotic  cell  is  not  dismantled  orderly.  The 
salient  features  are  clumping  of  chromatin,  swelling  and 


degeneration  of  organelles,  destruction  of  membrane  integrity, 
and  dissolution  of  the  cell.  The  nuclear  pyknosis  occurs  as 
condensation  of  chromatin  into  many  irregularly  shaped,  small 
clumps,  sharply  contrasting  with  the  formation  of  few, 
uniformly  dense  and  regularly  shaped  chromatin  aggregates 
that  occurs  in  apoptosis  (compare  Figs.  2  and  3).  The  nuclei 
of  necrotic  cells  do  not  bud  to  form  discrete,  membrane- 
bound  fragments,  as  in  apoptosis.  These  differences  in  the 
condensation  of  nuclear  chromatin  in  pure  apoptosis  and 
necrosis  are  very  diagnostic.  However,  between  these  two 
extremes,  the  morphological  variants  of  chromatin 
condensation  are  numerous  (Fig.  4). 

Although  it  is  generally  believed  that  cellular  necrosis  is  a 
random  destructive  process,  we  have  found  that  during  cellular 
necrosis,  organelles  undergo  distinctive  structural  changes 
that  appear  to  be  sequentially  ordered  rather  than  random 
(7,26).  Ribosomes  disassociate  from  the  rough  endoplasmic 
reticulum  and  polyribosomes  disaggregate,  resulting  in  many 
monomeric  ribosomes  that  are  found  ‘free’  in  the  cytoplasm, 
causing  the  cytoplasmic  matrix  to  appear  dense  and  granular. 
The  cisterns  of  the  endoplasmic  reticulum  and  Golgi  apparatus 
dilate,  fragment,  and  vesiculate,  and  the  plasma  membrane 
undergoes  a  process  called  blebbing.  The  mitochondria  undergo 
sequential  changes  that  include  contraction  or  condensation 
of  the  inner  membrane  and  dissipation  of  matrical  granules 
(C  phase),  inner  membrane  swelling  and  cristaeolysis  (S  phase), 
formation  of  flocculent  aggregates,  and  then  disintegration 
(27).  The  molecular  mechanisms  for  the  changes  in  organelle 
structure  that  occur  during  necrotic  cell  death  still  have  not 
been  identified.  Some  of  these  organelle  abnormalities  are 
reversible,  if  homeostasis  is  restored  early  enough  (28). 

2.  The  cell  death  continuum 

Wyllie  proposed  that  apoptosis  could  be  induced  by  injurious 
stimuli  of  lesser  amplitude  than  insults  causing  necrosis  (29). 
Cell  culture  toxicological  studies  have  verified  that  stimulus 
intensity  influences  the  mode  of  cell  death  (30,31),  although 
the  modes  of  cell  death  are  still  viewed  as  mechanistically 
distinct. 

We  have  proposed  that  cell  death  occurs  as  an  apoptosis- 
necrosis  continuum.  In  this  continuum,  cell  death  occurs  as 
hybrids  ranging  from  apoptosis  to  necrosis  (Figs.  4  and  5).  We 
found  that  the  death  of  neurons  is  not  always  strictly  apoptosis 
or  necrosis,  according  to  a  traditional  binary  classification  of 
cell  death.  Neuronal  death  also  occurs  as  intermediate  or  hybrid 
forms  of  cell  death  with  coexisting  characteristics  (Fig.  5)  that 
lie  along  a  structural  continuum  with  apoptosis  and  necrosis 
at  the  extremes  (6,7). 

It  appears  that  the  maturity  of  the  brain  and  the  subtype  of 
glutamate  receptor  (GluR)  that  is  activated  influence  cell 
death  along  this  continuum  (6,7).  Hence,  neuronal  death 
induced  by  excitotoxicity  is  not  the  same  in  mature  and 
immature  brain  and  may  not  be  identical  in  every  neuron. 
Different  survival  and  death  signaling  mechanisms  (Fig.  6)  may 
modulate  neuronal  death  pathways  depending  on  neuronal 
maturity  (32).  In  addition,  variations  in  neuronal  death  may 
arise  from  the  high  diversity  in  the  expression,  localization, 
and  function  of  GluR  subtypes  and  second  messenger  systems 
in  the  developing  and  mature  CNS  (33-38). 
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The  structure  of  the  typical  apoptosis-necrosis  hybrid 
form  of  cell  death  has  been  revealed  in  different  models  of 
neurodegeneration,  Excitotoxic  brain  injury  is  one  model  that 
reveals  the  death  hybrid  (Fig.  7).  They  are  best  seen  with  non- 
NMDA  GluR  receptor  excitotoxicity  (Fig,  7)  in  immature  and 
mature  rat  brain  (6-9)  and  with  hypoxia-ischemia  in  neonatal 
rat  (21,22).  These  hybrids  can  also  be  found  in  human  neuro- 
degenerative  disease,  notably  amyotrophic  lateral  sclerosis 
(ALS).  Apoptosis-necrosis  hybrids  also  occur  in  mouse  cortical 
neurons  exposed  to  DNA-damaging  agents  in  vitro  (32). 
Hybrid  cells  undergo  progressive  compaction  of  chromatin 
into  few,  discrete,  large,  irregularly  shaped  clumps  (Figs.  3a,  b, 


Figure  3.  Neuronal  death  after  cerebral  ischemia  ranges  from  apoptosis  to 
necrosis,  a  and  b,  Striatal  neuron  death  (black  arrow  in  a;  shown  a  higher 
magnification  in  b)  after  global  ischemia  in  adult  cat  can  occur  as  hybrids  of 
apoptosis  and  necrosis  (see  Figs.  4  and  5  for  hybrid  forms  of  neuronal  cell 
death).  The  chromatin  condenses  as  large  irregular  clumps  (white  arrowheads) 
abutting  the  nuclear  envelope.  The  cytoplasm  is  vacuolated  and  contains  large 
swollen  mitochondria  and  degenerating  mitochondria.  Scale  bars,  3.5  (a) 
and  2  (b)  pm.  c  and  d,  CA1  pyramidal  neuronal  death  (black  arrows  in  c;  part 
of  this  neuron  is  shown  at  higher  magnification  in  d)  after  global  ischemia  in 
adult  cat  is  mostly  necrosis  (similar  to  NMDA  receptor  excitotoxicity).  The 
typical  ischemic  CAI  pyramidal  neuron  has  a  nucleus  (Nu)  that  undergoes 
chromatin  condensation  as  many  small,  irregular  clumps  (asterisks)  that  are 
dispersed  throughout  the  nucleus.  The  cytoplasm  is  severely  vacuolated  and 
fragmented.  Scale  bars,  0.5  (c)  and  0.2  (d)  pm.  e,  Normal  striatal  neuron 
(black  arrows)  in  a  10-day-old  piglet  The  nucleus  (Nu)  is  large  and  contains 
dispersed  chromatin.  Scale  bar,  2  pm.  f.  At  24  h  after  recovery  from  hypoxic- 
asphyxic  cardiac  arrest,  the  majority  of  neurons  (black  arrows)  in  putamen 
have  undergone  necrosis  characteristic  of  NMDA  receptor  mediated  excito¬ 
toxicity.  Many  small,  irregular  clumps  of  chromatin  (small  white  arrowheads) 
are  dispersed  throughout  the  nucleus  (Nu).  The  cytoplasm  is  severely 
vacuolated  and  fragmented.  Scale  bar,  6.25  (f)  pm.  g  and  h,  Delayed 
degeneration  of  thalamic  neurons  after  HI  in  newborn  rat  (7-day-old)  is 
classical  apoptosis.  At  24-48  h  after  HI,  neurons  in  the  ventrobasal  nuclear 
complex  show  nuclear  (Nu)  condensation,  with  the  formation  of  uniformly, 
dense  round  chromatin  aggregates  (asterisks),  and  cytoplasmic  condensation 
with  the  accumulation  of  numerous  mitochondria.  Later  in  the  process  of 
thalamic  neuron  apoptosis  after  ischemia,  glial  processes  engulf  nuclear 
fragments  with  round  chromatin  masses  (asterisk,  h)  and  cytoplasmic 
fragments.  Scale  bars,  3  pm.  i  and  j,  Apoptosis  occurs  in  thalamic  neurons 
(black  arrows)  after  ablation  of  the  occipital  cortex  in  adult  rat.  This 
neurodegeneration  in  the  LGN  occurs  over  5-7  days  and  has  the  features  of 
classical  apoptosis,  including  nuclear  packaging  into  uniformly  dense,  round 
chromatin  masses  (asterisks),  cytoplasmic  condensation  and  perforation  by 
glia,  and  phagocytosis  by  microglia  (m).  Scale  bars,  7  pm. 


4  and  5).  This  morphology  contrasts  with  the  formation  of  few, 
uniformly  shaped,  dense,  round  masses  in  classic  apoptosis 
and  the  formation  of  numerous,  smaller,  irregularly  shaped 
chromatin  clumps  in  classic  necrosis.  The  cytoplasmic  changes 
in  hybrid  cells  generally  appear  more  similar  to  necrosis  than 
apoptosis,  but  differ  in  severity. 

This  new  concept  of  an  apoptosis-necrosis  cell  death 
continuum  could  be  important  for  understanding  neuronal 
degeneration  in  human  neurological  disorders  and  cell  death 
in  general,  and  thus  may  be  important  for  the  prevention  of 
neuronal  loss  in  human  neurological  disorders  and  the 
induction  of  desirable  cell  death  in  cancer.  Much  more  work 
needs  to  be  done.  We  need  to  identify  the  relationships  between 
mechanisms  of  neuronal  death  and  the  structure  of  dying 
neurons  in  human  neurodegenerative  diseases  as  well  as  in 
animal  and  cell  culture  models  of  neurotoxicity,  aging  and 
disease.  This  is  important  particularly  for  addressing  hypotheses 
as  to  whether  PCD  and  apoptosis  are  equivalent  and  whether 
apoptosis  and  necrosis  are  mutually  exclusive  forms  of  cell 
death.  Furthermore,  if  brain  maturity  dictates  how  neurons 
die,  then,  in  humans,  neuronal  degeneration  in  adults  may  be 
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IMMATURE  SEMI-MATURE  FULLY  MATURE 


Figure  4.  Neuronal  cell  death  occurs  as  an  apoptosis-necrosis  continuum.  Cartoon  (upper  panel)  showing  the  potential  relationships  among  naturally  occurring 
programmed  cell  death  (PCD)  and  induced  neuronal  cell  death,  as  mediated  by  differential  contributions  of  active  mechanisms  (black  arrows)  and  passive 
mechanisms  (open  arrows)  along  the  apoptosis-necrosis  continuum.  This  cell  death  continuum  for  neuronal  degeneration  is  influenced  by  the  degree  of 
neuronal  maturity  and  the  subtype  of  GluR  that  is  activated,  as  well  as  possibly  other  factors,  including  cell  type  and  the  composition  of  the  cytoskeleton  and 
extracellular  matrix  (ECM),  The  sizes  of  the  arrows  vary  according  to  the  relative  contributions  of  the  different  mechanisms.  Neurons  in  the  developing  CNS 
at  immature  and  semi-mature  states  undergo  PCD  in  response  to  neurotrophin  (NTF)  deprivation,  target  deprivation,  and  GluR  activation.  Semi-mature 
neurons  that  are  removed  from  the  developing  brain  are  prone  to  undergo  apoptosis  when  used  for  in  vitro  manipulations.  Excitotoxic  neuronal  death  induced 
by  NMDA  receptor  (NMDA-R)  and  non-NMDA  GluR  (non-NMDA-R)  in  the  developing  brain  can  resemble  classic  apoptosis,  classic  necrosis,  and  hybrid 
forms  of  cell  death.  However,  in  the  fully  mature  adult  CNS,  excitotoxic  cell  death  can  resemble  classic  necrosis  (NMDA  receptor  toxicity)  or  a  hybrid  of 
apoptosis-necrosis  (non-NMDA  receptor  toxicity),  with  primarily  passive  mechanisms  operating  in  the  former  and  a  combination  of  passive  and  active 
mechanisms  operating  in  the  latter.  Depending  on  the  neuronal  groups,  axotomy  and  target  deprivation  in  the  adult  CNS  can  cause  neuronal  injury  (atrophy 
but  not  death)  with  necrotic-like  features  or  neuronal  death  that  resembles  apoptosis.  Lower  panel,  electron  micrographs  of  striatal  neurons  at  relatively  ‘early’ 
(A,  B,  C,  D)  and  ‘late’  (A‘,  B',  C,  D‘)  stages  of  degeneration.  Developmental  PCD  of  neurons  in  postnatal  day  8  striatum  is  a  ‘gold  standard’  for  neuronal 
apoptosis  (A,  A’).  Non-NMDA  GluR  excitotoxicity  induces  apoptosis  in  developing  (dev)  rat  striatum  (B,  B‘).  Non-NMDA  GluR  excitotoxicity  induces 
apoptosis-necrosis  hybrids  in  adult  (ad)  rat  striatum  (C,  C').  NMDA  receptor  excitotoxicity  induces  necrosis  in  adult  (ad)  rat  striatum  (D,  D’).  A  continuous 
spectrum  of  cell  death  morphologies  can  be  identified  ranging  from  f-lacci<-ai  t  k  \  <r,  - r- ... .  ■ 
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Figure  5.  Diagram  summarizing  the  concept  of  the  apoptosis-necrosis 
continuum  of  neuronal  cell  death.  This  concept  may  also  be  relevant  to  cell 
death  in  general.  This  matrix  shows  the  numerous  possible  morphologies  of 
neurons  during  cell  death  near  or  at  the  terminal  stages  of  degeneration. 
Combining  different  nuclear  morphologies  and  cytoplasmic  morphologies 
depicts  a  two-dimensional,  non-linear  spectrum  or  gradient  of  possible 
degenerative  morphologies.  The  influences  of  neuronal  maturity  and 
glutamate  receptor  subtype  correspond  to  the  diagonal  axis  of  the  apoptosis- 
necrosis  continuum.  In  the  extreme  upper  left  cell,  nuclear  and  cytoplasmic 
morphologies  combine  to  form  a  classical  apoptotic  neuron  that  is  typical  of 
naturally  occurring  PCD  during  nervous  system  development.  In  contrast,  in 
the  extreme  lower  right  cell,  the  merging  of  necrotic  nuclear  and  necrotic 
cytoplasmic  morphologies  forms  a  typical  necrotic  neuron  resulting  from 
NMDA  receptor  excitotoxicity  and  cerebral  ischemia.  Between  these  two 
extremes  hybrids  of  cell  death  can  be  produced  with  varying  contributions 
of  apoptosis  and  necrosis.  We  have  never  found  neurons  degenerating  with  a 
necrotic  nucleus  surrounded  by  an  apoptotic  cytoplasm  (upper  right  cell). 
The  typical  apoptosis-necrosis  hybrid  morphology  is  best  exemplified  by 
neurons  in  the  adult  CNS  dying  from  non-NMDA  GluR-mediated 
excitotoxicity.  Other  apoptosis-necrosis  hybrid  forms  of  neuronal  cell  death 
occur  after  cerebral  ischemia  and  in  chronic  neurodegenerative  disease  such 
as  ALS. 


fundamentally  different  from  neuronal  degeneration  in  infants 
and  children.  This  suspicion  is  supported  by  experiments 
showing  that  apoptosis  mechanisms  are  different  in  immature 
neurons  compared  to  mature  neurons  (32). 

3.  Molecular  control  of  apoptosis 

Apoptosis  is  cell  death  that  is  organized.  An  orderly 
dismantling  of  a  cell  requires  active,  intrinsic  mechanisms. 
Horvitz  and  colleagues  using  the  nematode  Caenorhabditis 
elegans  have  pioneered  the  understanding  of  the  genetic  control 
of  developmental  cell  death,  with  this  death  being  regulated 
predominantly  by  three  genes  ( ced-3 ,  ced-4,  and  ced-9)  which 
have  mammalian  homologues.  Several  families  of  genes  that 
regulate  apoptosis  have  been  identified  in  mammals  (Table  I): 
the  Bcl-2  family  (39);  the  caspase  family  of  cysteine- 
containing,  aspartate-specific  proteases  (40);  the  inhibitor  of 


Figure  6.  Summary  diagram  of  signal  transduction  mechanisms  related  to 
excitotoxic  neuronal  death.  The  diagram  summarizes  the  prominent  post- 
synaptic  intracellular  pathways  that  lead  to  neuronal  injury  and  death 
resulting  from  excitotoxic  activation  of  GluR.  AMPA/KA-R,  a-amino-3- 
hydroxy-5-methyl-4-isoxazole  propionate  and  kainate  receptors;  DAG, 
diacylglycerol;  IP3,  inositol  trisphosphate;  mGluR,  metabotropic  glutamate 
receptor,  NMDA-R,  JV-methyl-D-aspartate  receptor;  NO,  nitric  oxide;  NOS, 
NO  synthase;  PKC,  protein  kinase  C;  PLA2,  phospholipase  A,;  V-gated  Ca** 
Ch,  voltage-gated  Ca1*  channel. 


apoptosis  protein  (IAP)  family  (41);  and  the  p53  gene  family 
(42,43). 

Bcl-2  family  of  proapoptotic  and  antiapoptotic  proteins.  The 
bcl-2  proto-oncogene  family  is  a  group  of  apoptosis  regulatory 
genes  encoding  for  proteins  defined  by  homology  domains 
(BH1-BH4)  that  function  in  the  protein-protein  interaction 
(39).  Steady-state  protein-protein  interactions  among  members 
of  the  Bcl-2  family  influence  cellular  survival  and  death.  Bcl-2, 
Bcl-xL,  and  Boo  are  antiapoptotic;  while  Bax,  Bcl-xs,  Bad,  Bak, 
Bid,  Bik,  Bim,  and  Mtd  (called  matador)  are  proapoptotic 
(Table  I).  Bcl-2  is  localized  in  the  outer  mitochondrial 
membrane,  the  endoplasmic  reticulum,  and  the  nuclear 
membrane  (44).  Bcl-2  family  members  may  function  by 
conformation-induced  insertion  into  the  outer  mitochondria! 
membrane  to  form  channels  or  pores,  because  Bci-xL  possesses 
structural  similarities  to  the  pore-forming  subunit  of  diphtheria 
toxin  (45).  Bcl-2  family  members  can  form  homodimers  with 
themselves  or  heterodimers  and  higher  order  multimers  with 
other  family  members.  For  example,  Bax  forms  homodimers 
or  heterodimers  with  either  Bcl-2  or  Bc!-xL.  When  Bax  and 
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Figure  7.  Diagram  of  organelle  changes  that  occur  during  neuronal  apoptosis  induced  by  GIuR  excitotoxicity.  The  proposed  succession  of  subcellular 
alterations  is  illustrated  in  a  single  representative  neuron  starting  in  a  normal  state  (upper  left  image)  and  terminating  in  apoptosis  (lower  right  image).  A  highly 
ordered  progression  of  organelle  damage  occurs  during  excitotoxic  neuronal  apoptosis  in  vivo  that  sequentially  involves  the  rough  endoplasmic  reticulum 
(rer),,the  Golgi  apparatus  (Golgi),  and  mitochondria  (m)  and  nucleus  (N).  Excitotoxic  neuronal  apoptosis  evolves  as  four  sequential  stages:  endoplasmic 
reticulum  stress  (phase  1),  Golgi  apparatus  stress  (phase  2),  mitochondrial  stress  and  nuclear  condensation  (phase  3),  and  plasma  membrane  breach  and 
phagocytosis  stage  (phase  4).  During  phase  1,  the  endoplasmic  reticulum  dilates  and  collapses  (small  double  arrows)  and  ribosomes  dissociate.  During  phase  2, 
the  Golgi  apparatus  fragments,  liberating  numerous  vacuoles  (v).  During  phase  3,  mitochondria  swell  and  chromatin  condensation  mechanisms  are  activated. 


Bak  are  present  in  excess,  the  antiapoptotic  activity  of  BcI-2 
is  antagonized.  The  formation  of  Bax  homodimers  promotes 
apoptosis,  whereas  Bax  heterodimerization  with  either  Bcl-2 
or  Bcl-xL  prevents  apoptosis.  Some  Bcl-2  members  interact 
with  other  types  of  proteins  that  are  non-Bcl-2  members  (e.g., 
Raf-1).  Some  proapoptotic  proteins  such  as  Mtd  function 
independently  of  heterodimerization  with  survival  promoting 
Bcl-2  and  Bcl-xL  (46). 

Caspase  family  of  cell  death  enzymes.  Caspases  (cysteinyl 
aspartate-specific  proteinases)  are  cysteine  proteases  that 
have  a  near  absolute  requirement  for  aspartic  acid  in  the  P, 
position.  Fourteen  members  have  been  identified  so  far  (40). 
Caspases  exist  as  constitutively  expressed  proenzymes  (SO¬ 
SO  kDa)  in  healthy  cells.  The  protein  contains  three  domains, 
an  amino-terminal  prodomain,  a  large  subunit  (-20  kDa), 
and  a  small  subunit  (-10  kDa).  Caspases  are  activated  by 
jugulated  proteolysis  of  proenzyme,  although  some  caspase 
proenzymes  (e.g.,  caspase-9)  have  low  activity  without 
processing  (47).  ‘Initiator’  caspases  activate  ‘executioner’ 
caspases  (Table  I).  Other  caspase  family  members  function  in 
inflammation  by  processing  pro-inflammatory  cytokines 


(Table  I).  Activation  of  caspases  involves  proteolytic 
processing  between  domains,  and  then  association  of  large  and 
small  subunits  to  form  a  heterodimer,  with  two  heterodimers 
associating  to  form  a  tetramer  that  has  two  independently 
functioning  catalytic  sites.  Active  caspases  have  numerous 
target  proteins  (48).  Caspases  cleave  nuclear  proteins  [e.g., 
polyADP-ribose  polymerase  (PARP),  DNA-dependent  protein 
kinase,  heteronuclear  ribonucleoproteins,  transcription  factors 
or  lamins],  cytoskeletal  proteins  (e.g.,  actin  and  fodrin),  and 
cytosolic  proteins  (e.g.,  other  caspases,  protein  kinases,  Bid, 
and  DNases). 

Different  caspase  cascades,  not  necessarily  exclusive, 
mediate  apoptosis.  One  pathway  involves  cytochrome  c  release 
from  mitochondria,  promoting  the  activation  of  caspase-9 
through  Apaf-1  and  then  caspase-3  activation  (49).  Another 
pathway  involves  the  activation  of  cell-surface  death  receptors, 
including  Fas  and  tumor  necrosis  factor  receptor,  leading  to 
caspase-8  activation  that  in  turn  cleaves  and  activates  down¬ 
stream  caspases  such  as  caspase-3,  -6,  and  -7  (50,51). 

Inhibitor  of  apoptosis  protein  ( IAP )  family.  To  prevent 
unwanted  apoptosis  in  normal  cells,  the  activity  of  proapoptotic 
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proteins  must  be  neutralized.  In  addition  to  using  Bcl-2,  Bcl-xL 
and  Boo,  cells  actively  antagonize  death  with  the  IAP  family 
(41,52).  This  family  includes  X  chromosome-linked  IAP, 
IAP1,  LAP2,  and  NAIP  (neuronal  apoptosis  inhibitory  protein). 
Survival  motor  neuron,  a  protein  that  is  mutant  in  infants  with 
spinal  muscular  atrophy,  is  another  apoptosis  inhibitory  protein. 
An  identified  function  of  IAPs  is  suppression  of  proteolytic 
processing  of  caspases  (53).  Procaspase-9  is  a  major  target  of 
IAPs.  However,  IAPs  do  not  prevent  caspase-8-induced 
proteolytic  processing  of  procaspase-3.  IAPs  also  block 
apoptosis  by  reciprocal  interactions  with  the  transcription 
factor  NFkB  (52).  Proteins  exist  that  inhibit  mammalian 
IAPs.  A  mitochondrial  protein  called  Smac  (for  second 
mitochondria-derived  activator  of  caspases)  or  DIABLO  (for 
direct  IAP-binding  protein  with  low  pi)  inactivate  the  anti- 
apoptotic  actions  of  IAPs  (54,55). 

4.  Apoptosis  is  regulated  cell  death 

Caspase-3  activation  is  believed  to  be  a  major  commitment  step 
for  apoptosis.  In  cell  culture  models  of  apoptosis,  caspase-3 
activation  occurs  when  caspase-9  proenzyme  (Apaf-3)  is  bound 
by  Apaf-1  in  a  process  initiated  by  cytochrome  c  (also  known 
as  Apaf-2)  and  either  ATP  or  dATP  (49,56).  Cytosolic  ATP 
or  dATP  are  required  cofactors  for  cytochrome  c-induced 
caspase  activation.  Apaf-1,  a  protein  homologous  to  ced-4,  is 
a  docking  protein  for  procaspase-9  (Apaf-3)  and  cytochrome  c 
(49).  Apaf-1  is  activated  by  ATP  binding  and  hydrolysis. 
ATP  hydrolysis  and  cytochrome  c  binding  promote  Apaf-1 
oligomerization  (57).  The  oligomeric  complex  recruits  and 
activates  procaspase-9.  Caspase-9  then  disassociates  from  the 
complex  and  activates  caspase-3.  IAPs  act  to  block  apoptosis 
at  this  caspase-9  initiation  event  (53).  Activated  caspase-3 
then  negatively  or  positively  modifies  several  proteins  by 
cleavage.  Caspase-3  inactivates  the  DNA  repair  enzyme  PARP 
(58),  and  it  activates  a  DNA  fragmentation  factor  (DFF)  with 
DNase  activity  that  mediates  regulated  fragmentation  of 
genomic  DNA  and  chromatin  condensation  (59,60).  DFF  is 
a  heterodimeric  protein  composed  of  45  kDa  (DFF45)  and 
40  kDa  (DFF40)  subunits.  DFF45  is  a  chaperone  protein  that 
inhibits  the  nuclease  activity  of  DFF40.  Cleavage  of  DFF45  by 
caspase-3  inactivates  the  inhibitory  action  on  DFF40,  allowing 
DFF40  to  oligomerize  and  cleave  DNA  by  introducing  double¬ 
strand  breaks  (61). 

The  regulated  release  of  initiation  factors  from 
mitochondrion  is  a  key  event  in  apoptosis.  It  is  believed  that 
early  during  apoptosis,  cytochrome  c  is  liberated  into  the 
cytosol  from  mitochondria  (62,63).  A  flavoprotein  that  shares 
homology  with  bacterial  oxidoreductases,  called  apoptosis- 
inducing  factor  (AIF),  is  also  released  from  the  mitochondrial 
intermembrane  space  and  is  translocated  to  the  nucleus 
(64).  Release  of  apoptogenic  proteins  may  occur  through 
mechanisms  that  involve  the  formation  of  membrane  channels 
comprised  of  Bax  (65),  Bax  and  the  adenine  nucleotide  trans¬ 
locator  (66),  and  the  voltage  dependent  anion  channel  (67). 
The  voltage  dependent  anion  channel  protein  is  a  subunit  of 
the  mitochondrial  permeability  transition  pore.  This  pore  is  a 
large  channel  that,  when  open,  causes  rapid  loss  of  mito¬ 
chondrial  membrane  potential  and  mitochondrial  swelling. 
Bcl-2  and  Bcl-xL  block  the  release  of  cytochrome  c  and  AIF 


(62-64)  from  mitochondria  and  thus  the  activation  of  caspase-3 
(49,56).  The  blockade  of  cytochrome  c  release  from  mito¬ 
chondria  by  Bcl-2  and  Bcl-xL  (56,68)  is  caused  by  inhibition 
of  Bax  channel-forming  activity  in  the  outer  mitochondrial 
membrane  (65)  or  by  modulation  mitochondrial  membrane 
potential  and  volume  homeostasis  (68).  Bcl-xL  also  has  anti- 
apoptotic  activity  by  interacting  with  Apaf-I  and  caspase-9  and 
inhibiting  the  Apaf-l-mediated  maturation  of  caspase-9  (69). 
Boo  can  inhibit  Bak-  and  Bik-induced  apoptosis  (but  not 
Bax-induced  cell  death)  possibly  through  heterodimerization 
and  by  interactions  with  Apaf-1  and  caspase-9  (70). 

5.  Death  proteins  can  be  regulated  by  phosphorylation 

Apoptosis-regulatory  proteins  undergo  posttranslational 
modification  that  modulates  their  function.  Bcl-2  family 
members  and  caspase-9  are  regulated  by  protein  phos¬ 
phorylation.  Serine  phosphorylation  of  Bcl-2  inactivates  its 
anti-apoptotic  activity  (71).  In  addition  to  interacting  with 
homologous  proteins,  Bcl-2  can  associate  with  non- 
homologous  proteins,  including  the  protein  kinase  Raf-1  (72). 
Bcl-2  targets  Raf-1  to  mitochondrial  membranes,  allowing 
this  kinase  to  phosphorylate  Bad  at  serine  residues.  The 
phosphatidylinositol  3-kinase  (PI3-K)  -Akt  pathway  also 
regulates  the  function  of  Bad  (73,74)  and  caspase-9  (75) 
through  phosphorylation.  In  the  presence  of  trophic  factors, 
Bad  is  phosphorylated.  Phosphorylated  Bad  translocates  to 
the  cytosol  and  interacts  with  soluble  protein  14-3-3  and, 
when  bound  to  protein  14-3-3,  Bad  is  unable  to  interact 
with  Bcl-2  and  Bcl-xL,  thereby  promoting  survival  (76). 
Conversely,  when  Bad  is  dephosphorylated  by  calcineurin,  it 
dissociates  from  protein  14-3-3  in  the  cytosol  and  trans¬ 
locates  to  the  mitochondria,  thereby  engaging  proapoptotic 
activity.  Non-phosphorylated  Bad  heterodimerizes  with 
membrane-associated  Bcl-2  and  Bcl-xL,  thereby  displacing 
Bax  from  Bax-Bcl-2  and  Bax-Bcl-xL  dimers  and  promoting 
cell  death  (77). 

6.  Death  receptors  can  mediate  apoptosis 

Cell  death  by  apoptosis  can  also  be  initiated  at  the  cell 
membrane  by  surface  receptors  that  function  as  death  receptors 
(15,50).  The  tumor  necrosis  factor  (TNF)  receptor  family 
functions  as  death  receptors.  Fas  (CD95/Apo-l)  and  p75  (low- 
affinity  NGF  receptor)  are  family  members.  Fas-mediated 
apoptosis  is  independent  of  new  RNA  or  protein  synthesis. 
Apoptosis  is  initiated  at  the  cell  surface  by  aggregation 
(trimerization)  of  Fas.  The  activation  of  Fas  is  induced  by  the 
binding  of  the  multivalent  Fas  ligand  (FasL),  a  member  of  the 
TNF-cytokine  family.  FasL  is  expressed  on  activated  T  cells 
and  natural  killer  cells.  Clustering  of  Fas  by  FasL  recruits 
Fas-associated  death  domain  (FADD),  a  cytoplasmic  adapter 
molecule  that  functions  in  the  activation  of  the  caspase  8-Bid 
pathway,  thus  forming  the  ‘death-induced  signaling  complex’ 
(DISC)  (51).  In  this  pathway,  Bid  (a  proapoptotic  family 
member  that  is  a  substrate  for  caspase-8)  is  cleaved  in  the 
cytosol,  and  then  truncated  Bid  translocates  to  mitochondria, 
thereby  functioning  as  a  transducer  of  Fas  apoptotic  signals 
at  the  cell  plasma  membrane  to  mitochondria  (51).  Bid 
translocation  from  the  cytosol  to  mitochondrial  membranes  is 


associated  with  a  conformational  change  in  Bax  (that  is 
prevented  by  Bcl-2  and  Bcl-xJ  and  is  accompanied  by  release 
of  cytochrome  c  from  mitochondria  (78). 

7.  Tumor  suppressor  proteins  mediate  apoptosis 

The  oncosuppressor  protein  p53  induces  apoptosis  (42,43,79). 
The  p53  gene  mutated  in  about  half  of  all  human  cancers. 
Loss  of  p53  function  results  in  neoplasm  because  normal 
apoptosis  fails.  The  identification  of  two  homologues,  p63  and 
p73,  places  p53  in  family  of  related  DNA  binding  proteins 
(43).  These  proteins  function  in  genome  surveillance,  DNA 
repair,  and  as  transcription  factors.  p53  functions  in  growth 
arrest  and/or  apoptosis.  p53  commits  to  death  cells  that  have 
sustained  DNA  damage  from  free  radicals,  irradiation,  and 
other  genotoxic  agents.  p53  rapidly  accumulates  in  response 
to  DNA  damage.  This  rapid  regulation  is  mediated  by  post- 
translational  modification  such  as  phosphorylation  and 
acetylation. 

The  mechanisms  by  which  p53  induces  apoptosis  are  not 
fully  understood.  Promoters  that  respond  to  p53  include  genes 
encoding  proteins  associated  with  growth  control  and  cell  cycle 
checkpoints  (e.g.,  p2lw*fWC1i’1,  Gadd45,  Mdm2,  PCNA,  cyclin 
Dl,  and  cyclin  G)  and  apoptosis  (e.g.,  Bax,  Bcl-2,  Bcl-xL,  and 
Fas).  p53  is  a  direct  transcriptional  activator  of  the  human 
bax  gene  (80)  and  a  transcriptional  repressor  of  the  bcl-2  gene 
(81).  p53  also  activates  the  transcription  of  redox-related 
genes  (42).  Bcl-2  can  function  as  an  antiapoptotic  protein  by 
inhibiting  nuclear  import  of  p53  after  DNA  damage  (82).  The 
carboxyl  terminus  of  p53  is  important  for  controlling  p53- 
DNA-binding  functions  in  response  to  single  strands  of  DNA 

(83) . 

8.  Naturally-occurring  PCD  occurs  in  the  developing 
nervous  system 

The  concept  of  neurodegeneration  occurring  normally  as  PCD 
in  the  developing  nervous  system  (Figs.  1  and  2)  was  a  novel 
idea  (2,12).  PCD  is  important  for  the  matching  of  neuronal 
population  size  to  target  size,  and  it  is  thought  to  be  controlled 
largely  by  a  limiting  supply  of  target-derived  trophic  factors 

(84)  and  by  afferent  synaptic  activity  (85,86). 

As  anticipated  from  the  work  of  Horvitz  and  others  in 
nematodes,  cell  death  proteins  control  developmental  PCD  in 
the  mammalian  nervous  system.  The  numbers  of  neurons  may 
be  increased  (presumably  resulting  from  deficient  apoptosis) 
in  some  CNS  regions  in  transgenic  mice  that  overexpress  the 
bcl-2  gene  (87-89),  mice  with  bax  gene-inactivation  (90),  and 
mice  with  gene  deletions  in  caspase-3  (91),  caspase-9  (92,93), 
and  Apaf-1  (94).  Homozygous  deficiency  in  caspase-3, 
caspase-9,  and  Apaf-1  are  embryonic  lethal  and  cause  cerebral 
malformations.  Bax,  Bcl-2,  and  p53  homozygous  deficient 
mice  all  survive  to  adulthood,  but  Bcl-2-deficient  mice  show 
progressive  degeneration  of  motor  neurons  after  the  PCD 
period  during  early  postnatal  development  (95). 

9.  Signaling  pathways  modulate  neuronal  survival 

Cell  survival  signaling  is  the  counterpart  to  cell  death  signaling. 
Neurotrophins  act  as  target-  or  afferent-derived  growth 


factors  for  specific  populations  of  neurons  and  exert  survival- 
promoting  effects  on  immature  and  adult  neurons.  In  the 
traditional  neurotrophin  concept,  neurotrophins  function  by 
binding  to  specific  high-affinity  tyrosine  kinase  receptors  on 
the  presynaptic  terminal,  followed  by  internalization,  and 
then  retrograde  transport  of  the  neurotrophin-receptor 
complex  to  the  neuronal  cell  body  where  it  regulates  neuronal 
differentiation  and  survival. 

Links  between  cell  survival  signaling  through  neurotrophins 
and  cell  death  signaling  are  beginning  to  be  found.  For 
example,  survival  effects  of  nerve  growth  factor  on  sympathetic 
neurons  are  mediated  by  Ras  (96).  Ras  proteins  are  GDP/GTP- 
regulated  switches  that  interact  with  exchange  proteins  that 
facilitate  cycling  between  an  active  GTP-bound  state  and  an 
inactive  GDP-bound  state.  Extracellular  signal  regulated 
kinases  (ERK1  and  ERK2)  regulate  the  exchange  factors.  In 
neurons,  Ras  suppresses  the  levels  or  activities  of  c-jun,  p53 
and  Bax  through  PI3-K  and  ERK  (96).  Insulin-like  growth 
factor-I  acts  through  similar  kinases  that  inactivate  caspase-9 
and  Bad  by  phosphorylation  (97). 

10.  Neuronal  cell  death  in  disorders  of  the  human  CNS 

Neuronal  degeneration  causes  many  neurological  disorders 
that  effect  humans.  Chronic  neurodegeneration  occurs  in 
Alzheimer's  disease  (AD),  ALS,  Parkinson's  disease,  and 
Huntington's  disease.  Acute  neurodegeneration  results  from 
trauma,  hypoxia-ischemia  (stroke  and  cardiac  arrest),  neuro¬ 
toxins,  radiation,  and  seizures.  It  has  been  theorized  only 
recently  that  an  abnormal  activation  of  apoptosis  in  neurons 
may  play  a  role  in  the  disease  process  in  humans  with  neuro¬ 
logical  injury.  For  postmitotic  cells,  apoptosis  has  irreplaceable 
consequences.  However,  much  more  work  is  necessary  to 
accurately  assess  the  contribution  of  apoptosis  to  the  neuro¬ 
degeneration  in  chronic  and  acute  neuropathological  disorders. 
Deciphering  the  contributions  of  the  different  types  of  cell 
death  in  neurological  diseases  of  the  human  CNS  will  advance 
the  understanding  of  disease  mechanisms. 

Motor  neuron  degeneration  in  ALS  may  occur  by  DNA 
damage-induced,  p53-mediated  apoptosis.  ALS  is  characterized 
clinically  by  progressive  weakness,  muscle  atrophy,  and 
eventual  paralysis  and  death  within  3  to  5  years  of  clinical 
onset.  It  is  one  of  the  most  common  neurodegenerative 
diseases  with  an  adult  onset.  The  incidence  of  ALS  is  1-2  per 
100,000  individuals.  ALS  is  neuropathologically  characterized 
by  progressive  degeneration  of  upper  and  lower  motor  neurons 
in  the  brain  and  spinal  cord.  The  loss  of  motor  neurons  in 
spinal  cord,  brainstem,  and  motor  cortex  is  the  cause  of  ALS 
(Figs.  8  and  9). 

Aberrantly  occurring  apoptosis  may  be  the  cause  of  motor 
neuron  loss  in  ALS  (23,98).  Motor  neurons  undergo  DNA 
fragmentation  and  are  eliminated  with  minimal  inflammatory 
changes  (Figs.  8  and  9).  In  postmortem  samples  of  ALS  motor 
cortex  and  spinal  cord,  Bax  and  Bak  protein  levels  are  increased 
and  Bcl-2  protein  levels  are  decreased  in  mitochondrial 
enriched  fractions.  Coimmunoprecipitation  experiments 
demonstrate  that  Bax-Bax  interactions  are  greater  in  the 
mitochondrial-enriched  membrane  compartment  of  ALS  motor 
cortex  compared  to  controls,  whereas  Bax-Bcl-2  interactions 
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Figure  8.  Motor  neurons  are  lost  in  patients  with  ALS.  In  normal  control 
individuals  (upper  panel,  left),  the  anterior  horns  of  the  spinal  cord  are 
populated  with  many  large,  multipolar  motor  neurons  (arrows).  In  ALS 
spinal  cord  (upper  panel,  right),  the  anterior  horns  are  depleted  of  large 
multipolar  motor  neurons,  and  remaining  motor  neurons  are  condensed  and 
shrunken  (arrows).  Scale  bar,  200  pm.  Measurements  of  the  levels  of  a 
neuron  specific  marker  NeuN  (a  mammalian  neuron  nuclear  protein)  by 
immun^Iotting  show  that  NeuN  is  significantly  reduced  (asterisk  p<0.05) 
in  ALS  motor  cortex  and  spinal  cord  anterior  hom  but  not  in  sensory  cortex. 


are  decreased  in  the  membrane  compartment  of  ALS  motor 
cortex  compared  to  controls.  Bax  translocation  to  mitochondria 
(99y  and  Bax-dependent  caspase-3  activation  (100)  are  critical 
events  for  neuronal  PCD  apoptosis  in  in  vitro  systems.  In  ALS, 
we  have  found  that  caspase-3  activity  is  elevated,  DFF45  is 
activated,  and  internucleosomal  fragmentation  of  DNA 
occurs.  Therefore,  an  inappropriate  re-emergence  of  a  PCD 
mechanism,  involving  cytosol-to-membrane  and  membrane- 
to-cytosol  redistributions  of  cell  death  proteins,  participates  in 
the  pathogenesis  of  motor  neuron  degeneration  ALS  (23,98). 

p53  may  participate  in  the  mechanisms  of  motor  neuron 
apoptosis  in  ALS  (Figs.  10  and  11).  Motor  neurons  in 
individuals  with  ALS  sustain  DNA  damage  (Fig.  10B,  C  and 
E).  Other  groups  have  found  DNA  damage  in  individuals  with 
ALS  (101).  This  damage  may  be  caused  by  free  radical  attack 
(102,103)  and  defective  DNA  repair  (104,105).  We  have  found 
direct  evidence  (Fig.  10B,  C  and  E)  for  DNA  lesions 
specifically  in  motor  neurons  of  individuals  with  ALS  (24). 
This  finding  is  important  because  DNA  damage  is  a  potent 
signal  for  apoptosis.  The  accumulation  of  DNA  damage  in 
motor  neurons  could  be  a  possible  cause  of  motor  neuron 
apoptosis  in  ALS,  p53  levels  increase  in  vulnerable  regions  in 
individuals  ALS  (Fig.  11)  (24,25).  p53.  accumulates  in  motor 
neurons  in  patients  with  ALS  (Fig.  10A  and  C-E).  This  p53  is 
functionally  active  because  it  is  phosphorylated  (Fig.  10F). 
Neurons  that  accumulate  DNA  damage  show  activated  p53 
(Fig.  10E).  The  accumulation  of  DNA  damage  in  motor 
neurons  is  thus  a  possible  upstream  pathogenic  mechanism  in 
ALS. 

It  is  important  to  understand  mechanisms  of  DNA  damage 
in  motor  neurons.  Mutations  have  been  identified  in  the  gene 


for  superoxide  dismutase-1  (SOD1)  in  a  small  subset  of 
individuals  with  familial  ALS  (106,107).  Thus,  inherited 
mechanisms  for  DNA  damage  may  involve  mutant  SOD1  and 
nitric  oxide  (NO)-mediated  toxicity  via  peroxynitrite  (108). 
Mutant  SOD1  may  acquire  a  neurotoxic  gain  in  function, 
converting  this  enzyme  from  a  protein  with  antioxidant- 
antiapoptotic  functions  to  a  protein  with  apoptosis-promoting 
effects  (109).  SOD1  also  has  peroxidase  activity,  and  this 
peroxidase  activity  is  enhanced  in  mutant  SOD1  compared  to 
normal  SOD1  (110).  This  gain-of-function  augments  the 
production  of  hydroxyl  and  superoxide  radicals,  and  possibly 
the  formation  of  peroxynitrite  by  the  combination  of  superoxide 
and  NO  (108,110).  These  altered  properties  of  mutant  SOD1 
have  not  yet  been  causally  linked  specifically  to  motor  neuron 
damage  in  ALS.  However,  DNA  damage  from  hydroxyl 
radicals  (24,103)  and  protein  damage  from  peroxynitrite 
(1 1 1,1 12)  have  been  found  in  cases  of  ALS.  Direct  oxidation 
of  nucleosides  by  peroxynitrite  may  not  be  a  major  pathway 

(113) .  A  more  likely  pathway  for  the  oxidation’ of  nucleosides 
is  through  hydroxyl  radicals  formed  by  the  transitional  metal 
(iron)-catalyzed,  Haber-Weiss  and  Fenton-type  reactions 

(114) .  This  DNA  damage  may  be  related  to  abnormal 
accumulation  of  mitochondria  in  motor  neurons,  possibly 
resulting  from  impaired  axonal  transport  (115)  and  target 
deprivation  (116).  These  possible  mechanisms  become  more 
plausible  in  light  of  recent  findings  in  our  laboratory  with 
animal  models. 

Induced  apoptosis  of  motor  neurons  is  associated  with 
accumulation  of  mitochondria,  peroxynitrite  formation  and 
hydroxyl  radical  damage  to  DNA  (116)  and  p53  accumulation 
(117).  We  have  used  single-cell  gel  electrophoresis  (comet 
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Figure  9.  Motor  neuron  degeneration  in  ALS  is  a  form  of  apoptosis.  A,  Normal  appearing  spinal  motor  neuron  with  a  large,  multipolar  cell  body  and  a  large 
nucleus  (asterisk)  containing  reticular  network  of  chromatin  and  a  large  nucleolus.  Scale  bar,  7  pm  (same  for  B).  B,  Near  endstage  apoptotic  motor  neuron  in 
ALS  (arrow).  The  cell  has  shrunken  to  about  10%  of  normal  size  and  has  become  highly  condensed.  C  and  D,  Nuclear  DNA  fragmentation  (asterisk,  brown 
labeling)  occurs  in  motor  neurons  in  patients  with  ALS  as  the  nucleus  condenses  (asterisks)  and  the  cell  shrinks.  Scale  bar  (C),  7  pm  (same  for  D). 


assay)  to  detect  DNA-SSB  in  motor  neurons  (118).  Exposure 
of  motor  neurons  to  NO  donors,  H202,  and  NO  donor  plus 
H202  induces  rapidly  DNA-SSB  and  causes  motor  neuron 
degeneration.  Peroxynitrite  causes  DNA-SSB  in  motor 
neurons.  DNA-SSB  accumulate  slowly  in  injured  motor 
neurons  prior  to  apoptosis  and  the  comet  fingerprint  is  similar 
to  NO  toxicity.  Thus,  motor  neurons  challenged  by  oxidative 
stress  and  axotomy  accumulate  DNA-SSB  early  in  their 
degeneration.  The  formation  of  peroxynitrite  appears  to  be 
involved  in  the  mechanisms  of  DNA  damage  upstream  to  p53 
mediated  apoptosis  of  motor  neurons. 

The  contribution  of  apoptosis  to  Alzheimer's  disease  is 
unresolved.  AD  causes  profound  degeneration  cerebral  cortex 
and  loss  of  neurons  in  neocortex  and  hippocampus  (119-121). 
AD  is  the  most  common  type  of  dementia  occurring  in  middle 
and  late  life,  affecting  7-10%  of  individuals  >65  years  of  age 
and  possibly  40%  of  people  >80  years  of  age  (122).  The 
prevalence  of  AD  is  increasing  proportionally  to  increased 
life  expectancy  (estimates  predict  that  -25%  of  the  population 
will  be  >65  years  of  age  in  the  year  2050).  In  the  United  States, 
AD  now  affects  >4  million  people  (123). 

AD  occurs  in  different  forms.  Most  cases  of  AD  have 
unknown  etiologies  and  are  called  sporadic.  A  small  percentage 


of  AD  cases,  particularly  those  with  early  onset,  are  familial 
and  are  inherited.  The  disease  is  autosomal  dominant  linked 
to  mutations  in  the  genes  encoding  amyloid  precursor  protein 
(APP)  (124-126)  or  presenilin  proteins  (127,128).  For  late 
onset  sporadic  cases,  a  variety  of  risk  factors  have  been 
identified  in  addition  to  old  age.  The  apolipoprotein  E  (apoE) 
allele  is  a  susceptibility  locus  with  the  apoE4  type  showing 
dose-dependent  contributions  (129).  Cardiovascular  disease 
and  head  trauma  are  additional  risk  factors  for  AD  (122).  The 
formulation  of  effective  therapeutic  strategies  for  the  treatment 
of  AD  rests  on  the  clarification  of  the  mechanisms  of  neuronal 
death  in  this  disease. 

The  mechanisms  that  cause  the  profound  degeneration  of 
cortical  neurons  in  AD  are  not  known.  Arguments  have  been 
presented  suggesting  that  AD-related  neurodegeneration  is 
apoptosis  (130)  and  is  not  apoptosis  (131,132).  Among  many 
others,  the  possible  mechanisms  for  neuronal  death  in  AD  may 
involve  presynaptic  afferent  defects  (133,134),  postsynaptic 
NMDA  receptor  abnormalities  (135),  and  altered  processing  of 
APP  and  presenilin  proteins.  APP  is  the  source  of  amyloid-6 
protein  (A6).  The  amyloid  hypothesis  of  AD  is  based  on  the 
premise  that  generation  of  A6  by  cleavage  of  APP  is  a  critical 
pathogenic  mechanism.  Overexpression  and  intracellular 
accumulation  of  APP  activates  caspase-3  (136).  APP  is  a 
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Figure  10.  Motor  neuron  apoptosis  in  ALS  may  occur  by  a  DNA  damage-induced,  p53-mediated  mechanism.  A,  In  individuals  with  ALS,  p53  accumulates  in  the 
nucleus  (asterisk,  brown  labeling)  of  spinal  motor  neurons.  Nearby  neuron  (open  arrow)  has  an  unlabeled  nucleus  for  comparison.  Scale  bar,  10  pm.  B,  Nuclear 
DNA  damage  (asterisk,  green  crystalline  labeling)  accumulates  in  motor  neurons  in  ALS  spinal  cord.  DNA  damage  was  detected  with  antibodies  to  8-hydroxy- 
2-deoxyguanosine.  Nearby  motor  neuron  (open  arrow)  is  unlabeled.  Scale  bar,  10  pm  (same  for  C).  C,  Motor  neurons  in  ALS  spinal  cord  with  genomic  DNA 
damage  accumulate  nuclear  p53  (asterisk).  A  motor  neuron  is  delineated  with  small  black  arrowheads.  The  green  crystalline  labeling  against  brown  p53 
immunoreactivity  reveals  DNA  damage  in  the  nucleus.  D,  p53  also  accumulates  in  the  nucleus  (asterisk,  brown  labeling)  of  pyramidal  neurons  in  ALS  motor 
cortex.  Nearby  pyramidal  cortical  neuron  (open  arrow)  has  an  unlabeled  nucleus  for  comparison.  Scale  bar,  10  pm.  6,  Motor  neurons  in  ALS  motor  cortex  with 
genomic  DNA  damage  accumulate  nuclear  p53  (asterisk).  The  green  crystalline  labeling  against  brown  p53  immunoreactivity  shows  DNA  damage  in  the  nucleus. 
Nearby  pyramidal  neuron  (open  arrow)  exhibits  DNA  damage  (green  crystalline  labeling)  but  no  p53  immunoreactivity.  F,  Active  (phosphorylayted)  p53 
accumulates  in  the  nucleus  of  ALS  motor  neurons  (asterisk,  brown  labeling)  as  detected  with  phospho-p53  antibodies.  Near6y  pyramidal  neuron  (open  arrow) 
is  not  labeled. 
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Figure  1 1.  The  levels  of  p53  are  elevated  in  spinal  cord  and  motor  cortex  in 
patients  with  ALS.  p53  was  measured  by  immunoblot  analysis  (asterisk, 
significantly  different,  p<0.05,  from  control). 


target  of  caspase-3  (137),  and  APP  cleavage  by  caspase-3  or 
caspase-6  may  promote  AB  formation  (138,139).  Thus, 
increased  production  of  AB  may  be  a  consequence  of  neuronal 
apoptosis.  AB  can  induce  apoptosis  (140)  and  necrosis  (141) 
in  neuronal  cell  culture.  Caspase-12  has  been  implicated  in 
cortical  neuron  apoptosis  in  vitro  induced  by  AB  (142). 
Presenilin  proteins  are  also  substrates  for  caspase-3  (143). 
Presenilin  proteins  have  a  widespread  distribution  throughout 
the  CNS  (144)  and  can  influence  mitochondrial  regulation  of 
apoptosis,  such  as  Bax  activation  and  cytochrome  c  release, 
through  interactions  with  Bcl-XL  (145).  However,  the  real 
contribution  of  apoptosis  to  the  neurodegeneration  in  AD  still 
remains  to  be  definitively  ascertained. 

11,  Neuronal  degeneration  after  cerebral  ischemia 

Neurons  die  after  cerebral  hypoxia-ischemia.  Episodes  of 
cerebral  hypoxia-ischemia  (HI)  can  occur  during  cardiac  arrest, 
stroke,  asphyxia,  drowning,  and  cardiopulmonary  bypass 
surgery.  Specific  populations  of  neurons  show  selective 
vulnerability  or  sensitivity  to  HI.  Striatal  neurons  degenerate 
earlier  than  CA1  pyramidal  neurons  of  hippocampus  and 
Purkinje  cells  of  cerebellum  that  undergo  delayed  neuronal 
death  (DND)  (8,9,26,146-148).  The  mechanisms  of  neuronal 
death  after  cerebral  ischemia  are  not  completely  understood. 
Structurally  and  mechanistically,  cellular  degeneration  in  non- 
nervous  tissues  caused  by  HI  has  been  thought  to  be  necrosis 
(14,27,150).  However,  recently,  postischemic  degeneration 
of  neurons  in  rats  and  gerbils  has  been  considered  to  be 
apoptosis  mediated  by  PCD  mechanisms  (151-155).  The  notion 
that  selectively  vulnerable  neurons  undergo  apoptosis  after 
ischemia  is  very  controversial  (8,9,26,149,156,157)  and  should 
be  examined  more  critically.  Ischemic  DND  might  be  better 
classified  according  to  the  concept  of  the  apoptosis-necrosis 
continuum  (Figs.  3-5)  (6-9).  The  accurate  identification  of 
the  contributions  of  apoptosis  and  necrosis  to  neuronal  death 
after  ischemia  has  critical  therapeutic  relevance  and  needs  to 
be  clarified  soon  in  animals  models,  because  antiapoptotic 


therapies  have  been  suggested,  possibly  prematurely,  for 
human  clinical  trials  for  the  treatment  of  brain  ischemia  (158). 

Neurodegeneration  after  cerebral  ischemia  can  be  explained 
by  the  apoptosis-necrosis  cell  death  continuum.  Previous 
studies  have  suggested  that  DND  in  hippocampus  is  apoptosis. 
This  idea  was  based  originally  on  the  finding  that  systemic 
treatment  with  protein  synthesis  inhibitors  protected  against 
CA1  neuron  loss  after  global  ischemia  (148,159),  although 
protein  synthesis  inhibitors  cause  hypothermia,  which  is 
neuroprotective.  However,  other  studies  did  not  confirm  that 
protein  and  RNA  synthesis  inhibitors  ameliorate  postischemic 
DND  in  CA1  and  structural  analysis  argued  against  this 
neurodegeneration  as  PCD  (156).  More  recent  studies  have 
reasserted  that  DND  of  CA1  pyramidal  neurons  in  rodents 
after  ischemia  is  apoptosis  (153-155,160).  Other  studies  reject 
this  conclusion,  because  unambiguous  structural,  biochemical, 
or  molecular  evidence  for  apoptosis  of  CA1  pyramidal  neurons 
in  adult  brain  has  not  been  presented  (8,9,149,157).  This 
discrepancy  regarding  the  contribution  of  apoptosis  to  the 
neurodegeneration  after  ischemia  may  be  due  to  differences 
in  criteria  for  identifying  neuronal  apoptosis  at  the  structural 
level  and  to  limitations  of  tissue  homogenate-based  analysis. 
It  is  also  possible  that  neuronal  death  after  ischemia  requires 
descriptions  based  on  cell  death  concepts  that  are  broader 
than  a  binary  classification  scheme  for  cell  death.  We  have 
embraced  fuzzy  logic  (161)  to  develop  the  concept  of  the 
apoptosis-necrosis  cell  death  continuum  (6-9). 

Some  forms  of  neuronal  death  after  ischemia  can  be 
explained  by  the  apoptosis-necrosis  cell  death  continuum. 
This  neurodegeneration  may  fall  along  a  structural  and 
mechanistic  continuum.  As  with  non-NMDA  GluR-mediated 
excitotoxicity  (Figs.  4  and  7),  ischemic  neuronal  death  could 
be  a  hybrid  of  apoptosis  and  necrosis  (Figs.  3-5),  with  this 
degeneration  not  strictly  apoptosis  or  necrosis,  according  to  the 
traditional  binary  classification  of  cell  death,  but  occurring  as 
intermediate  or  hybrid  forms  with  coexisting  characteristics. 

The  degeneration  of  neurons  in  the  adult  and  immature 
brain  after  global  ischemia  vindicates  the  cell  death  continuum 
(8,9,21,22,26,149,162,163).  DND  of  CA1  pyramidal  neurons 
and  cerebellar  Purkinje  neurons  in  mature  brain  is  similar, 
but  striatal  neuron  death  can  be  different  structurally  from  the 
death  of  CA1  neurons  (Fig.  3)  (8,149).  The  DND  of  CA1 
pyramidal  neurons  and  Purkinje  cells  after  ischemia  in  the 
adult  brain  falls  much  closer  to  the  cellular  necrosis  end  of 
the  continuum  rather  than  the  classical  apoptosis  end,  whereas 
striatal  neuron  death  is  a  very  clear  hybrid  form.  In  the  adult 
brain,  degeneration  of  CA1  pyramidal  neurons  and  Purkinje 
cells  after  ischemia  is  very  distinct  from  typical  neuronal 
apoptosis,  but  some  neurons  have  features  similar  to  non- 
NMDA  GluR-mediated  excitotoxic  neuronal  apoptosis,  while 
most  degenerating  neurons  are  very  similar  to  NMDA 
receptor-mediated  excitotoxic  neuronal  necrosis  (Figs.  3  and  4). 
Our  interpretations  of  observations  made  in  cat  and  dog 
hippocampus  are  similar  to  those  made  in  non-human  primate 
and  human  (164).  In  adult  striatum  after  ischemia,  neuronal 
death  is  also  quite  different  from  classical  apoptosis,  with  most 
neurons  having  features  similar  to  non-NMDA  GluR-mediated 
excitotoxic  neuronal  apoptosis  or  NMDA  receptor-mediated 
excitotoxic  neuronal  necrosis  (Figs.  3  and  4).  Ischemic 
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neurodegeneration  is  characterized  by  irregular  clumping  of 
chromatin  (into  many  small  or  few  large  aggregates),  swelling 
and  degeneration  of  mitochondria,  extensive  cytoplasmic 
vacuolation,  destruction  of  plasma  membrane  integrity,  and 
eventual  dissolution  of  the  cell.  The  nuclear  pyknosis  with 
condensation  of  chromatin  into  many  small,  irregularly  shaped 
clumps  in  ischemic  neurons  is  a  contrasting  pattern  to  the 
formation  of  few,  uniformly  dense  and  regularly  shaped 
chromatin  aggregates  that  typify  neuronal  apoptosis.  However, 
the  organization  of  the  chromatin  into  few  large,  chromatin 
aggregates  is  a  feature  typical  of  the  apoptosis-necrosis  hybrid 
cell  (Fig.  3-5). 

Misunderstanding  about  the  contribution  of  apoptosis  to 
the  neurodegeneration  after  cerebral  ischemia  is  realized 
further  from  studies  using  DNA  fragmentation  as  the  primary 
criterion  for  apoptosis.  Many  studies,  using  in  situ  DNA  end 
labeling  methods,  have  shown  that  vulnerable  populations  of 
neurons  undergo  nuclear  DNA  fragmentation  following  global 
cerebral  ischemia  in  the  adult  brain  (149,151-153).  However, 
these  methods,  based  on  terminal  deoxynucleotidyl  transferase 
and  DNA  polymerase,  are  not  discriminating  among  apoptotic 
and  necrotic  cell  deaths  (7,8,165).  DNA  end-labeling  can  also 
detect  DNA  fragments  during  DNA  synthesis  (166).  Therefore, 
DNA  end-labeling  data  cannot  be  interpreted  as  solely 
apoptosis  without  correlated  structural  data  (167). 

DNA  fragmentation  after  global  ischemia  in  adult  brain 
has  also  been  studied  by  gel  electrophoresis.  In  DNA  extracts 
of  adult  rat  or  gerbil  brain  after  transient  global  forebrain 
ischemia,  intemucleosomal  fragmentation  has  been  detected 
and  has  been  interpreted  as  apoptosis  occurring  by  PCD 
mechanisms  (151-153,168,169).  Exceptions  to  the  specificity 
of  intemucleosomal  DNA  fragmentation  for  apoptosis  have 
been  found.  It  occurs  in  ischemic  liver  necrosis  (170),  in 
NMDA  receptor-mediated  excitotoxic  neuronal  necrosis  in 
adult  brain  (7)  and  neuronal  culture  (171,172),  and  in  cells 
undergoing  necrosis  induced  by  Ca2+  ionophores  and  heat 
shock  (167).  The  DNA  fragmentation  detected  after  cerebral 
ischemia  differs  from  DNA  fragmentation  occurring  in 
archetypal  apoptosis  because  the  fragments  have  staggered 
ends  with  a  3'  recess  of  -8-10  nucleotides  (173).  Thus,  based  on 
DNA  fragmentation  patterns,  death  of  neurons  after  ischemia 
is  neither  classical  apoptosis  nor  classical  necrosis  (173).  The 
apoptosis-necrosis  cell  death  continuum  (6,7)  can  be  used  to 
classify  both  the  structure  and  biochemistry  of  ischemic 
neuronal  death. 

The  analysis  of  DNA  fragmentation  patterns  (and  protein 
levels)  in  brain  extracts  is  confounded  by  homogenization  of 
tissues  comprised  of  heterogeneous  cell  types  (nervous  tissue 
is  not  a  homogeneous  cell  population).  Thus  the  evaluation  of 
information  on  a  cell  by  cell  basis  is  not  possible.  Non-neuronal 
cells  (e.g.,  astrocytes,  oligodendrocytes,  inflammatory  cells, 
and  vascular  cells)  also  die  following  ischemia-reperfusion, 
and  some  of  these  non-neuronal  cells  die  apoptotically  (8,162). 
As  concluded  in  previous  accounts  (7,8,150,167,174),  cell 
structure  is  still  the  best  indicator  for  classifying  cell  death 
in  vivo.  We  have  found  that  random  and  intemucleosomal 
DNA  fragmentation  can  coexist  (149).  This  result  could  be 
interpreted  as  hybrid  forms  of  cell  death  or  as  necrosis  and 
apoptosis  occurring  in  different  cells  that  coexist  spatially 
and  regionally. 


The  contribution  of  apoptosis  to  the  neuronal  death  after 
cerebral  ischemia  has  also  been  evaluated  by  measuring  gene 
expression  and  protein  levels  of  cell  death  proteins  in  tissue 
homogenates  or  tissue  sections.  Bax  mRNA  increases  in  both 
vulnerable  and  less  vulnerable  regions  postischemia  (160). 
Changes  in  mRNA  levels  after  cerebral  ischemia  are  difficult 
to  interpret  in  the  presence  of  sustained  damage  to  organelles 
that  function  in  protein  synthesis  and  posttranslational 
processing  (8).  These  organelle  perturbations  may  render  the 
translation  and  formation  of  mature  products  inefficient.  By 
immunoblotting,  Bax  protein  in  hippocampus  is  increased 
transiently  at  6  h  postischemia  but  then  returns  to  control  levels 
(154).  We  have  not  found  changes  in  Bax  protein  levels  in 
hippocampus  at  1  and  7  days  after  ischemia,  but  we  have 
observed  an  increase  in  Bax  in  cerebellum  at  7  days  after 
ischemia  (149).  It  is  possible  that  this  change  in  Bax  reflects 
apoptosis  of  granule  neurons  (rather  than  Purkinje  neurons) 
in  cerebellum  (149).  However,  a  sustained  postischemic 
increase  in  Bax  protein  levels  has  been  shown  in  hippocampus 
but  not  cerebellum  (160),  although  the  contributions  of  different 
cells  to  this  observation  have  not  been  identified.  Many 
existing  immunocytochemical  analyses  of  cell  death  proteins 
after  ischemia  are  difficult  to  interpret  because  highly  specific 
antibodies  need  to  be  used  (many  of  the  currently  available 
antibodies  to  death  proteins  of  the  Bcl-2  family  should  not  be 
used  due  to  the  lack  of  monospecificity).  Furthermore,  the 
function  of  dell  death  proteins  of  the  Bcl-2  family  relies  on 
subcellular  translocation,  phosphorylation,  and  protein- 
protein  interactions.  More  useful  information  could  be  obtained 
on  the  role  cell  death  proteins  after  ischemia  by  analyses 
focusing  on  subcellular  fractions,  subcellular  localization, 
phosphorylation  status,  and  protein  interactions. 

Recent  studies  have  maintained  that  cytochrome  c  release 
from  mitochondria  into  the  cytosol  is  involved  in  the  death  of 
CA1  neurons  after  global  ischemia  (155).  However,  such 
results  are  not  clearly  interpretable.  The  change  might  not 
reflect  events  occurring  in  neurons  specifically,  because  brain 
tissue  was  used  to  prepare  soluble  extracts.  The  change  could 
reflect  release  or  abnormal  import  of  cytochrome  c  into  mito¬ 
chondria  due  to  subcellular  damage,  and,  if  it  is  release,  it  could 
be  non-physiological  and  spontaneous  due  to  mitochondrial 
disruption  rather  than  physiologically  regulated  release. 

Experiments  with  transgenic  mice  and  gene  manipulations 
are  used  to  decipher  a  possible  role  for  neuronal  apoptosis  after 
cerebral  ischemia.  Bcl-2  overexpression  in  transgenic  mice 
reduces  hippocampal  pyramidal  neuron  degeneration  after 
global  ischemia  (175).  However,  the  effect  of  Bcl-2  transgene 
expression  cannot  yet  be  ascribed  specifically  to  antiapoptotic 
activity,  because  this  protein  has  additional  functions  in  injured 
neurons,  including  axonal  regeneration  (176)  and  blocking 
the  release  of  calcium  from  the  ER  (177).  Drug-induced  and 
viraliy  mediated  overexpression  of  NAIP  also  protects  CA1 
neuron  degeneration  after  global  ischemia  (178),  but  it  is  still 
not  certain  whether  this  protection  results  directly  from 
blocking  apoptotic  mechanisms  in  CA1  pyramidal  neurons. 
These  manipulations  could  protect  or  alter  the  functioning  of 
neurons  (e.g.,  interneurons  or  upstream  presynaptically-coupled 
neurons)  other  than  CA1  pyramidal  neurons  that  then  protect 
against  GIuR-mediated  excitotoxic  neuronal  death  of  CA1 
neurons. 
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Caspases  have  been  studied  after  cerebral  ischemia.  The 
mRNA  and  protein  levels  for  caspase-1  increase  in 
hippocampus  following  global  ischemia  in  gerbils,  but  this 
change  is  associated  with  inflammatory  cells  rather  than 
selectively  vulnerable  CA1  pyramidal  neurons  (169).  After 
global  ischemia  in  rat,  caspase-3  mRNA  levels  progressively 
increase  in  CA1  at  24-72  h,  although  most  neurons  are  already 
lost  by  72  h,  while  caspase-3  mRNA  is  transiently  elevated  in 
dentate  gyrus  granule  ceils  at  8  h  postischemia  (179).  This 
latter  pattern  would  be  consistent  with  a  role  for  caspase-3  in 
dentate  gyrus  granule  neuron  apoptosis  that  has  been  identified 
(149).  Existing  immunocytochemical  analyses  of  caspases 
after  ischemia  are  difficult  to  interpret  because  of  proenzyme 
detection.  Many  of  the  currently  available  antibodies  to 
caspase-3  are  not  monospecific  for  the  active  forms. 

Classical  apoptosis  of  granule  neurons  occurs  after  ischemia. 
The  degeneration  of  granule  neurons  in  dentate  gyrus  and 
cerebellum  after  global  ischemia  sharply  contrasts  with  the 
degeneration  of  CA1  neurons  and  Purkinje  cells  (149).  Granule 
neuron  death  after  ischemia  closely  resembles  apoptosis.  Thus, 
granule  neurons  provide  an  internal  standard  of  classical 
apoptosis  to  which  CA1  pyramidal  neuron  and  cerebellar 
Purkinje  cell  degeneration  after  ischemia  can  be  compared  to 
demonstrate  that  the  death  of  these  latter  neurons  clearly 
differs  from  classical  apoptosis.  The  death  of  granule  neurons 
is  characterized  by  condensation  of  chromatin  into  few,  large 
round  clumps  or  crescentic  caps,  aggregation  and  lamination 
of  the  cytoskeleton,  and  cellular  shrinkage.  Membranous 
organelles,  including  mitochondria,  remained  intact  until  the 
late  stages  of  apoptosis.  Apoptosis  of  granule  neurons  is 
similar  to  the  apoptosis  in  non-neuronal  tissues  (150,174),  in 
developing  brain  during  naturally  occurring  PCD  of  neurons 
(Fig.  2)  (6),  and  in  some  neuronal  groups  after  axotomy/target 
deprivation  (Fig.  3)  (116,180). 

The  death  of  granule  neurons  after  ischemia  may  have 
more  than  one  trigger.  Granule  neuron  apoptosis  may  be  a 
direct  consequence  of  the  HI.  Alternatively,  it  may  be 
secondary  to  degeneration  of  hippocampal  pyramidal 
neurons  and  cerebellar  Purkinje  cells  and  is  a  form  of  target 
deprivation-induced  apoptosis,  similar  to  thalamic  neuron 
death  after  cortical  lesions  (8,180,181)  and  motor  neuron 
degeneration  after  axotomy  (116,118).  We  know  that  the 
distribution  of  brain  damage  after  HI  follows  a  connectivity- 
related  distribution  (182).  The  apoptosis  of  granule  neurons 
is  consistent  with  this  idea  and  may  possibly  explain  the 
contradictory  evidence  for  apoptosis  in  hippocampal 
pyramidal  neurons  found  in  homogenate-based  biochemical 
experiments. 

It  is  still  uncertain  however  whether  the  absence  of  a 
classic  apoptotic  structure  in  selectively  vulnerable  neurons 
after  ischemia  is  sufficient  evidence  to  exclude  the  possibility 
that  PCD  mechanisms  are  operative.  We  conclude  that  neuronal 
death  in  the  mature  (adult)  CNS  after  global  ischemia  exists  as 
more  than  one  temporally  overlapping  forms  in  hippocampus 
and  cerebellum:  necrosis  or  necrosis-apoptosis  hybrids  of 
selectively  vulnerable  neurons  and  classical  apoptosis  of 
granule  neurons  (149). 

Neurodegeneration  after  cerebral  ischemia  in  immature  brain. 
Neurodegeneration  in  the  immature  brain  is  phenotypically 


heterogeneous  and  regionally  specific.  We  have  also  found 
that  the  neurodegeneration  in  specific  regions  is  model-  or 
species-related.  For  example,  neuronal  apoptosis  is  much 
more  prominent  in  newborn  rat  models  of  HI  (21,22,163) 
compared  to  newborn  piglet  models  of  HI  (26,162,183). 

The  cell  death  continuum  is  revealed  fully  in  a  neonatal  rat 
(7-day-old)  model  of  HI.  In  this  model,  neuronal  cell  death 
occurs  as  several  forms,  including  necrosis,  apoptosis,  and 
hybrids  of  necrosis  and  apoptosis  (21,22,163).  From  structural 
and  biochemical  evaluations  of  the  injured  cerebral  hemisphere, 
neuronal  necrosis  predominates  in  cerebral  cortex,  necrosis- 
apoptosis  hybrids  occur  in  hippocampus  and  striatum,  and 
classical  apoptosis  is  prominent  in  thalamus  and  brainstem. 
The  thalamic  neuron  apoptosis  in  the  neonatal  rat  brain  after 
HI  is  structurally  identical  to  the  apoptosis  of  thalamic  neurons 
after  cortical  injury  (Fig.  3)  (22,163).  HI  in  the  neonatal  rat 
causes  severe  infarction  of  cerebral  cortex  (22),  and  we 
speculate  that  this  thalamic  neuron  apoptosis  is  caused  by 
neurotrophin  withdrawal  resulting  from  target  deprivation,  as 
in  an  occipital  cortex  ablation  model  (180,181).  The  apoptosis 
in  thalamic  neurons  after  HI  in  neonatal  rat  is  associated  with 
a  rapid  increase  in  the  levels  of  the  Fas  death  receptor  and 
caspase-8  activation  (163).  Concurrently,  the  levels  of  Bax  in 
mitochondrial-enriched  cell  fractions  increase  and  cytochrome 
c  accumulates  in  the  soluble  protein  compartment.  Increased 
levels  of  Fas  death  receptor  and  Bax,  cytochrome  c 
accumulation,  and  activation  of  caspase-8  in  the  thalamus 
precede  the  marked  activation  of  caspase-3  and  the  occurrence 
of  neuronal  apoptosis. 

Contrasting  with  findings  in  neonatal  rat  striatum  after  HI, 
the  death  of  striatal  neurons  after  HI  in  piglets  (10-day-old)  is 
categorically  necrosis  (26).  This  neuronal  death  evolves  over 
24  h  with  a  specific  temporal  pattern  of  subcellular  organelle 
damage  and  biochemical  defects  (26,183).  Damage  to  the 
Golgi  apparatus  and  rough  endoplasmic  reticulum  occurs  at 
3-12  h,  while  most  mitochondria  appear  intact  until  12  h. 
Mitochondria  undergo  an  early  suppression  of  activity,  then  a 
transient  burst  of  activity  at  6  h  after  the  insult,  followed  by 
mitochondrial  failure.  Cytochrome  c  is  depleted  at  6  h  after  HI 
and  thereafter.  Damage  to  lysosomes  occurs  within  3-6  h.  By 
3  h  recovery,  glutathione  levels  are  reduced,  and  peroxynitrite- 
mediated  oxidative  damage  to  membrane  proteins  occurs  at 
3-12  h.  The  Golgi  apparatus  and  cytoskeleton  are  early  targets 
for  extensive  tyrosine  nitration.  Striatal  neurons  also  sustained 
hydroxyl  radical  damage  to  DNA  and  RNA  within  6  h  after  HI. 
This  work  demonstrates  that  neuronal  necrosis  in  the  striatum 
evolves  rapidly  and  is  possibly  driven  by  early  glutathione 
depletion  and  oxidative  stress  by  3-6  h  recovery  from  HI. 

The  rat  pup  and  piglet  models  of  newborn  HI  are  different 
physiologically  and  neuropathologically.  Rat  pups  and  piglets 
near  the  day  of  birth  are  at  very  different  stages  of  maturation 
with  respect  to  glutamate  receptors  and  glutamate  transporters 
(35,37,162,184).  The  peak  of  the  brain  growth  spurt  occurs 
near  term  in  pig  and  human,  whereas  this  peak  occurs  at 
about  7  days  postnatally  in  rat  (185).  Moreover,  the  percentage 
of  adult  brain  weight  at  birth  in  pig  is  much  closer  to  human 
compared  to  that  of  rat  (185).  These  fundamental  neuro- 
biological  differences  are  very  important  when  considering 
the  relevance  of  experimental  animals  as  models  for  brain 
injury  in  human  newborns. 
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12,  Possible  mechanisms  driving  the  apoptosis-necrosis 
cell  death  continuum 

The  intensity  of  the  insult  and  the  rate  of  injury  are  important 
regulators  of  the  commitment  process  for  cell  death  (29).  In 
neurons,  the  rate  at  which  oxidative  stress  evolves  may  dictate 
the  type  of  neuronal  cell  death  (8).  A  variety  of  subcellular  and 
molecular  alterations  may  drive  the  cell  death  continuum. 

Intracellular  ion  concentrations  and  ion  flux  may  determine 
where  neurons  fall  along  the  cell  death  continuum  (Fig.  6). 
Severe  Ca2+  overload  causes  acute  swelling  and  necrosis  (186). 
However,  elevated  intracellular  Ca2+  in  moderation  is  a  survival 
signal  and  is  antiapoptotic  by  stimulating  Ca2+/calmodulin- 
dependent  protein  kinase  kinase  which  activates  Akt  that  then 
phosphorylates  Bad,  thereby  permitting  its  interaction  with 
protein  14-3-3  and  thus  its  inactivation  (187).  Both  apoptosis 
and  necrosis  are  induced  in  embryonic  striatal  neurons  by 
Ca2+  ionophore  (188).  It  is  possible  to  envision  that  flux  of 
intracellular  Ca2+  and  monovalent  cations  ranging  from  subtle 
to  severe  could  modulate  neuronal  survival  and  death  along 
an  apoptosis-necrosis  continuum. 

The  status  of  mitochondria  may  modulate  the  cell  death 
continuum.  Mitochondria  release  proapoptotic  factors  by 
mechanisms  that  are  still  not  clear  (49,56,62-64).  Mitochondria 
swelling  and  breaches  in  the  outer  mitochondrial  membrane 
can  trigger  release  of  proapoptotic  factors  (68)  and  can  cause 
ATP  depletion  and  Ca2+  efflux  (186).  The  severity  and  rate  of 
mitochondrial  changes  may  be  key  regulators  of  cell  death, 
with  rapid,  high  amplitude  perturbations  causing  necrosis 
(27,28),  slow  low  amplitude  regulated  changes  inducing 
apoptosis,  and  intermediate  perturbations  causing  hybrids 
of  necrosis  and  apoptosis.  Interestingly,  in  dying  neurons, 
mitochondria  do  not  behave  uniformly  even  within  individual 
cells  (6).  During  neuronal  cell  death,  some  mitochondria  swell 
and  the  inner  membranes  undergo  cristaeolysis,  but  other 
mitochondria  do  not  appear  to  become  structurally  defective. 
Abnormalities  in  mitochondrial  membranes  can  occur  during 
cellular  necrosis  (27)  and  apoptosis  (68).  Moreover,  both 
apoptotic  and  necrotic  cell  deaths  can  be  preceded  by  release 
of  cytochrome  c  (189).  Therefore,  it  is  important  to  delineate 
whether  release  of  cytochrome  c  is  physiologically  regulated 
and  whether  downstream  players  in  the  apoptosis  cascade  are 
in  place  and  intact.  The  severity  of  these  perturbations  may  not 
only  influence  the  mode  of  cell  death  as  either  apoptosis  or 
necrosis,  but  may  also  regulate  the  overlapping  contributions 
of  apoptosis  and  necrosis  in  hybrid  neurons. 

Organelles  that  function  in  protein  synthesis  and  post- 
translational  modification  could  also  modulate  the  balance  of 
apoptosis  and  necrosis  in  the  death  continuum.  Stimuli  that 
cause  stress  to  the  endoplasmic  reticulum  (ER)  and  Golgi 
apparatus  can  induce  apoptosis  (142,190).  The  mechanisms 
for  ER  control  of  cell  death  may  be  related  to  Ca2+  release, 
Bcl-2  function,  caspase  activation  (142)  and  changes  in  protein 
synthesis  and  folding.  An  increase  in  cytosolic  free  Ca2+  is  a 
well-known  stimulus  for  apoptosis;  however,  Ca2+  promotes 
cellular  survival  as  well.  Ca2+  release  from  the  ER  can  stimulate 
apoptosis  independent  of  mitochondria  (191).  Bcl-2  can  repress 
apoptosis  by  inhibiting  ER-associated  Ca2+  efflux  (177). 
Caspase- 12  mediates  ER  stress-related  apoptosis  in  cortical 
neuron  cultures  (142).  Structural  and  biochemical  alterations 


occur  in  the  ER  and  Golgi  apparatus  in  neurons  early  after 
excitotoxicity  and  ischemia  (6,7).  The  ER  damage  is  persistent 
during  the  process  of  excitotoxic  and  ischemic  neuro¬ 
degeneration  (6-8,26,147).  Structural  perturbations  in  CA1 
pyramidal  neurons  coincide  with  severe  and  sustained 
reductions  in  total  protein  synthesis  by  6  h  following  transient 
global  forebrain  ischemia  (192-194).  In  sympathetic  ganglion 
neuron  cultures,  inhibition  of  protein  synthesis  induces 
apoptosis  (195).  Early  abnormalities  also  occur  in  the  Golgi 
apparatus  (26,196).  In  cell  culture  models,  agents  that  disrupt 
the  Golgi  apparatus  and  cause  Golgi  fragmentation  induce 
apoptosis  in  neurons  (190),  but  the  mechanisms  are  unclear. 
The  Golgi  apparatus  may  transduce  proapoptotic  signals 
through  caspase-2  (197).  It  is  possible  to  envision  that 
gradations  in  damage  to  the  ER  and  Golgi  apparatus  (Fig.  7) 
may  cause  a  wide  range  of  disturbances  in  ER-Golgi  function 
and  cause  hybrids  of  cell  death  with  features  of  apoptosis  and 
necrosis. 

Perturbations  in  cytoskeletal  dynamics  can  sway  the  cell 
death  process.  The  cytoskeleton  is  a  major  target  for  chemo¬ 
therapeutic  agents  that  induce  apoptosis  by  depolymerization 
or  stabilization  of  the  cytoskeletal  network.  Chemical-induced 
perturbations  in  actin  and  microtubules  induce  apoptosis. 
Cytoskeletal  disintegration  occurs  early  after  ischemia, 
particularly  in  dendrites,  before  the  degeneration  of  neuronal 
cell  bodies  (198,199).  Within  minutes  after  transient  forebrain 
ischemia,  spectrin  is  proteolysed  in  CA1  prior  to  neuronal 
death  (200,201).  This  cytoskeletal  disruption  is  NMDA 
receptor  mediated  (200,201)  through  calpain  activation  (201). 
Thus,  it  is  possible  that  graded  alterations  in  GluR'activity 
and  disturbances  in  cytoskeletal  dynamics  play  a  role  in  the 
apoptosis-necrosis  death  continuum  after  cerebral  ischemia. 

13.  Neuronal  death  in  models  of  axotomy  and  target 
deprivation 

Animal  models  of  axotomy  (axon  cutting  or  transection)  and 
target  deprivation  (target  removal  or  ablation)  can  be  used  to 
identify  mechanisms  of  progressive  and  delayed  neuronal 
degeneration.  These  models  are  relevant  to  chronic 
degenerative  diseases  and  acute  disorders,  including  ischemia 
and  trauma  that  affect  the  human  brain  or  spinal  cord.  Models 
of  axotomy/target  deprivation-induced  neuronal  death  provide 
a  structural,  biochemical,  and  molecular  ‘gold  standard’  for 
induced  neuronal  apoptosis  in  vivo  that  may  occur  by  PCD 
mechanisms. 

Cortical  and  spinal  cord  injury  models  of  neuronal  apoptosis. 
The  progression  of  neuronal  degeneration  and  the  likelihood 
of  subsequent  neuronal  death  or  recovery  and  survival  in 
axotomy/target  deprivation  models  are  modifiable.  These 
events  are  influenced  by  the  residence  of  cell  body  of  an 
axotomized  neuron  within  the  peripheral  nervous  system  or 
CNS,  location  of  axonal  trauma  in  relation  to  the  cell  body, 
and  maturity  of  the  nervous  system  at  the  time  of  injury. 
Peripheral  neurons  regenerate  their  axons  more  readily  than 
central  neurons  after  axotomy,  and  the  more  proximal  the 
injury  is  to  the  cell  body,  the  greater  the  likelihood  of  neuronal 
death.  Furthermore,  in  the  immature  brain  and  spinal  cord, 
axotomized  neurons  often  die  much  more  rapidly  than  adult 
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neurons  (202-204).  The  mechanisms  for  this  neuronal  age-  or 
maturity-related  effect  on  the  rate  of  neuronal  degeneration 
are  not  understood,  but  the  signal  transduction  mechanisms 
of  neuronal  apoptosis  are  different  in  immature  and  mature 
neurons  (32). 

Several  lines  of  evidence  support  the  conclusion  that 
neuronal  death  induced  by  axotomy  and  trophic  factor 
withdrawal  can  be  apoptosis.  In  transgenic  newborn  mice, 
Bcl-2  overexpression  ameliorates  motor  neuron  death  induced 
by  facial  nerve  transection  (205),  sciatic  nerve  transection  (88), 
or  optic  nerve  transection  (89).  Inhibition  of  caspase-1  and 
caspase-2  blocks  apoptosis  of  dorsal  root  and  sympathetic 
ganglion  neurons  after  nerve  growth  factor  withdrawal 
(206,207),  and  inhibition  of  caspase  activity  protects 
axotomized  retinal  ganglion  cells  from  death  after  optic  nerve 
transection  in  adult  rat  (208).  Inhibition  of  caspase-1  also 
arrests  apoptosis  of  motor  neurons  in  vitro  induced  by  neuro- 
trophin  withdrawal  and  PCD  of  motor  neurons  in  vivo  during 
the  period  of  naturally  occurring  cell  death  (209). 

We  have  developed  and  characterized  brain  and  spinal  cord 
injury  models  of  neuronal  apoptosis.  In  one  model,  ablation  of 
the  occipital  cortex  induces  neuronal  apoptosis  in  the  dorsal 
lateral  geniculate  nucleus  (LGN)  of  thalamus  (180,181,204, 
210).  In  another  model,  avulsion  of  the  sciatic  nerve  induces 
apoptosis  of  motor  neurons  in  lumbar  spinal  cord  (1 16, 1 18). 

Unilateral  ablation  of  the  occipital  cortex  in  adult  rat  and 
mouse  causes  unequivocal  neuronal  apoptosis  in  the  dorsal 
LGN  at  6-7  days  postlesion  (Fig.  3)  (180,181,210).  Thus, 
retrograde  neuronal  death  in  the  adult  brain  is  apoptosis.  This 
neuronal  apoptosis  in  the  adult  CNS  requires  Bax  and  is 
modulated  by  p53,  but  it  can  also  occur  independent  of  p53 
(181). 

Neuronal  death  mechanisms  in  the  mature  and  immature 
CNS  are  dissimilar  in  the  timing  of  the  death  process.  The 
process  of  neuronal  apoptosis  is  accelerated  in  immature 
CNS  compared  to  adult  CNS.  Thalamic  neurons  in  adult  and 
immature  brain  die  similarly  after  cortical  injury,  but  neuronal 
apoptosis  occurs  much  faster  in  the  immature  brain  (204).  In 
newborn  mice  (10-day-old),  nuclear  p53  accumulation  and 
internucleosomal  fragmentation  of  DNA  coincide  at  24  h 
postlesion,  and  maximal  neuronal  apoptosis  occurs  at  36  h 
postlesion.  This  time  course  contrasts  sharply  with  the  time 
course  of  neuronal  apoptosis  in  the  adult  brain.  Thus,  neuronal 
apoptosis  occurs  more  rapidly  in  the  immature  brain  compared 
to  adult  brain  (which  occurs  over  6-7  days),  although  p53- 
modulated  mechanisms  may  participate  in  both  the  adult  and 
newborn  brain. 

Apoptosis  of  thalamic  neurons  occurs  in  different  CNS 
injury  paradigms,  such  as  cortical  ablation  and  HI.  We  wanted 
to  determine  whether  the  mechanisms  of  neuronal  apoptosis 
are  similar  in  different  types  of  CNS  insults.  Interestingly,  the 
mechanisms  of  thalamic  neuron  death  in  our  different  models 
have  some  similar  and  different  components,  although  both 
are  apoptosis.  Thus,  mechanisms  for  neuronal  apoptosis  in 
different  in  vivo  settings  can  differ  in  upstream  signals,  but 
they  converge  on  common  downstream  mechanisms  (i.e.,  the 
participation  of  Bax  and  caspase-3). 

Mitochondria  accumulate  at  perinuclear  locations  early 
during  the  progression  of  neuronal  apoptosis  in  vivo  (116, 
163,210).  The  mechanisms  for  this  mitochondrial  redistribution 


in  neurons  early  during  apoptosis  are  not  known.  In  non¬ 
neuronal  cell  systems  in  vitro  this  redistribution  may  be  an 
active  part  of  cell  signaling  mechanisms  for  apoptosis  (51). 
Although  similar  events  occur  in  neurons  in  vivo  (1 16,163,210), 
it  is  not  yet  clear  whether  this  redistribution  is  an  active  part 
of  the  death  signaling  mechanisms  or  a  consequence  of  early 
events  during  neuronal  apoptosis.  A  sustained  accumulation 
of  active  mitochondria  in  the  vicinity  of  the  nucleus  may 
provide  a  source  of  reactive  oxygen  species  or  apoptotic 
protease  activating  factors. 

Oxidative  damage  to  nucleic  acids  and  proteins  occurs 
during  neuronal  apoptosis  in  the  adult  CNS  (116,210). 
Hydroxyl  radical-modification  of  DNA  and  RNA  and 
peroxynitrite-modification  of  proteins  occur  during  the 
progression  of  neuronal  apoptosis  in  in  vivo  settings.  Oxidative 
damage  to  DNA  is  a  possible  upstream  signal  for  neuronal 
apoptosis  in  vivo.  This  hypothesis  is  supported  by  experiments 
demonstrating  thalamic  neurons  (210)  and  motor  neurons 
(116)  sustain  hydroxyl  radical  damage  to  DNA  during 
apoptosis.  Furthermore,  by  single-cell  gel  electrophoresis 
(comet  assay),  DNA  single-strand  breaks  occur  very  early  in 
the  progression  of  motor  neuron  apoptosis  (118).  This  DNA 
damage  found  in  vivo  has  the  same  fingerprint  as  the  DNA 
damage  caused  by  peroxynitrite  (118).  DNA  damage  occurs  in 
many  different  forms,  including  apurinic/apyrimidinic  sites, 
double-  and  single-strand  breaks,  adduct  formation,  thymidine 
dimers,  crosslinks,  and  insertion/deletion  mismatches  (211). 
Single  strand  breaks  in  DNA  are  the  earliest  and  major  type 
of  DNA  damage  among  the  several  forms  and  are  potent 
signals  for  apoptosis  (79,83).  We  believe  that  oxidative 
damage  to  DNA  in  the  form  of  single  strand  breaks  is  an 
upstream  signal  in  the  mechanisms  of  p53-modulated,  Bax- 
dependent  neuronal  apoptosis  in  vivo  (181). 

14.  Perspective  on  neurodegeneration  in  animal  models  of 
human  neurological  disorders 

Neuronal  cell  death  in  the  CNS  following  injury  can  coexist 
as  apoptosis,  necrosis,  and  hybrid  forms  along  an  apoptosis- 
necrosis  continuum.  These  different  forms  of  cell  death  have 
varying  contributions  to  the  neuropathology  resulting  from 
excitotoxicity,  cerebral  ischemia,  and  target  deprivation/ 
axotomy.  Degeneration  of  different  populations  of  cells 
(neurons  and  non-neuronal  cells)  may  be  mediated  by  distinct 
or  common  causal  mechanisms  that  can  temporally  overlap 
and  perhaps  differ  mechanistically  in  the  rate  of  progression 
of  cell  death.  The  range  in  neuronal  death  phenotypes  is  likely 
to  be  influenced  by  many  factors.  Maturity  of  the  CNS  at  the 
time  of  injury  and  the  subtypes  of  GluRs  that  are  activated 
influence  neuronal  death.  The  mechanistic  rate  of  evolving 
injury  can  also  influence  the  cell  death  process.  For  example, 
oxidative  stress  evolves  slowly  in  target  deprivation/axotomy, 
and  the  neurodegeneration  is  apoptosis.  In  contrast,  oxidative 
stress  evolves  acutely  with  HI  injury,  and  the  majority  of  early 
occurring  neurodegeneration  in  selectively  vulnerable  regions 
is  necrosis.  DND  after  cerebral  ischemia  can  be  necrosis, 
necrosis-apoptosis  hybrids,  and  apoptosis. 

Neuronal  death  may  be  mediated  by  common  upstream 
mechanisms  that  differ  mechanistically  in  the  rate  (days 
versus  hours)  and  severity  of  cellular  stress.  Cellular  stress 
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can  destroy  neurons  through  pathways  causing  apoptosis  and 
necrosis.  It  will  be  important  to  evaluate  the  specific 
mechanisms  of  neuronal  necrosis  in  vivo  to  compare  with  the 
mechanisms  of  neuronal  apoptosis  in  vivo.  These  comparisons 
will  provide  valuable  information  on  the  signaling  pathways 
that  dictate  neuronal  cell  death.  We  believe  that  such 
comparisons  will  also  aid  in  validating  and  understanding  the 
concept  of  the  cell  death  continuum.  Understanding  the 
cellular  and  molecular  mechanisms  of  neuronal  cell  death 
can  lead  to  new  therapeutic  approaches  critical  for  the  future 
prevention  of  neurodegeneration  in  chronic  and  acute 
neurological  disorders  and  can  expand  the  field  of  cell  death 
biology. 
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THALAMIC  NEURON  APOPTOSIS  EMERGES  RAPIDLY  AFTER 
CORTICAL  DAMAGE  IN  IMMATURE  MICE 
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Abstract — In  adults  and  children,  head  trauma  can  have  long-term  neuropathological  and  functional  consequences.  The 
thalamus  is  a  major  site  of  remote  neurodegeneration  after  cortical  damage  in  adult  humans  and  experimental  animals, 
but  less  is  known  about  thalamic  responses  to  cortical  injury  in  the  immature  brain.  This  study  introduces  an  in  vim 
model  of  axotomy/target  deprivation-induced  neuronal  apoptosis  in  the  dorsal  lateral  geniculate  nucleus  of  the  thalamus 
produced  by  unilateral  ablation  of  the  occipital  cortex  in  the  immature  mouse.  We  specifically  examined  whether  occipital 
cortex  ablation  in  the  immature  brain  causes  apoptotic  death  of  projection  neurons  in  the  dorsal  lateral  geniculate 
nucleus.  After  unilateral  occipital  cortex  aspiration,  10-day-old  C57BL/6  mice  were  recovered  for  up  to  28  days.  Fluo- 
rogold-prclabeled  thalamocortical  projection  neurons  were  apoptotic  at  36-48  h  after  ablation.  The  structural  progression 
of  apoptosis  in  the  immature  lateral  geniculate  nucleus  reveals  typical  chromatolytic  morphology  by  18-24  h,  followed  by 
cytoplasmic  shrinkage  and  chromatin  condensation  characteristic  of  end-stage  apoptosis  after  36-48  h.  Electron  micros¬ 
copy  confirmed  the  presence  of  apoptosis.  This  study  shows  intemucleosomal  DNA  fragmentation  and  expression  of 
cleaved  caspase-3  occurs  rapidly,  being  noted  first  at  18  h,  well  before  the  peak  of  apoptotic  cell  death  occurring  at  36  h 
after  cortical  damage  in  the  immature  brain. 

From  these  data  we  suggest  that  axotomy/target  deprivation-induced  cell  death  in  the  immature  brain  may:  (1)  differ 
from  that  previously  reported  in  adult  mice  with  respect  to  the  time  required  for  progression  to  cell  death;  (2)  be 
mediated  by  caspase-3  activation.  ©  2002  IBRO.  Published  by  Elsevier  Science  Ltd.  All  rights  reserved. 

Key  words:  axotomy,  brain  injury,  caspase-3,  DNA  damage,  neuronal  cell  death,  retrograde  neurodegeneration. 


Axotomy,  target  deprivation,  and  neurotrophin  with¬ 
drawal  may  participate  in  the  evolution  of  the  neuropa¬ 
thology  of  a  wide  range  of  pediatric  and  adult 
neurological  diseases,  including  hypoxia-ischemia,  trau¬ 
matic  brain  injury  (TBI),  stroke,  spinal  muscular  atro¬ 
phy,  amyotrophic  lateral  sclerosis,  and  Alzheimer’s 
disease.  Development  of  effective  therapies  for  these  neu- 
rodegenerative  disorders  depends  on  understanding  the 
principles  of  selective  vulnerability  and  the  mechanisms 
of  cell  death.  There  is  a  growing  appreciation  that  the 
response  to  injury  by  the  immature  brain  differs  from  the 
adult  brain.  In  this  regard,  it  is  known  that  the  extent  of 
functional  recovery  after  damage  to  the  CNS  is  influ- 
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Abbreviations:  EDTA,  ethylencdiaminetctraacetic  acid;  EGTA,  cth- 
ylencglycol-6ir(p-aminoethyl)-/V,Ar,/y',W'-tctraacctic  acid;  EM, 
electron  microscopy;  FG,  fluorogold;  LGN,  lateral  geniculate 
nucleus;  NMDA,  W-mcthyl-D-aspartatc;  PBS,  phosphate-buff¬ 
ered  saline;  TBI,  traumatic  brain  injury;  TUNEL,  terminal  dcox- 
ynuclcotidyl  transferase  (TdT)-mcdiatcd  dcoxyuridinc  triphos¬ 
phate  (dVTp)-biotin  nick  end  labeling;  UV,  ultraviolet. 


enced  by  many  factors,  including  the  maturity  of  the 
CNS  at  the  time  of  the  lesion.  Furthermore,  neuropro- 
tective  strategies  are  likely  to  be  different  in  the  immature 
and  adult  CNS.  For  example,  after  TBI  in  adult  rats, 
N-methyl-D-aspartate  (NMDA)  receptor  activation  has 
been  linked  to  cell  death  because  NMDA  receptor  antag¬ 
onism  ameliorates  cell  loss  (Faden  et  al.,  1989).  However, 
in  rat  pups  pharmacological  antagonism  of  NMDA 
receptors  after  TBI  exacerbates  neuronal  death,  implicat¬ 
ing  relationships  between  cell  death  signaling  and  neuro¬ 
nal  maturity  (Pohl  et  al.,  1999).  Therefore,  a  critical 
examination  of  cell  death  in  the  CNS  with  regard  to 
brain  maturity  is  essential  to  the  development  of 
approaches  to  limit  cell  death  in  neurodegenerative  dis¬ 
ease. 

After  cortical  injury  produced  by  stroke,  TBI,  or  hyp¬ 
oxia-ischemia,  neurological  outcome  is  determined  not 
only  by  the  cell  death  produced  by  the  cortical  injury 
itself,  but  also  by  retrograde  degeneration  of  thalamo¬ 
cortical  fibers  (Iizaka  et  al.,  1990;  Rink  et  al.,  1995; 
Conti  et  al.,  1998;  Pohl  et  al.,  1999;  Nakajima  et  al., 
2000;  Northington  et  al.,  2001).  In  a  cortical  impact 
model  of  TBI  in  immature  animals,  a  biphasic  pattern 
of  neurodegeneration  is  observed  (Rink  et  al,,  1995; 
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Conti  et  al.,  1998;  Pohl  et  al.,  1999).  Initially,  cell  death 
is  limited  to  the  area  of  parietal  cortex  directly  under¬ 
lying  the  impact  (Pohl  et  al.,  1999).  By  24  h  after  impact, 
cortical  projection  neurons  in  the  dorsolateral  thalamus 
die  by  apoptosis.  A  similar  pattern  of  delayed  cell  death 
was  observed  in  the  thalamus  14  days  after  impact  injury 
to  the  ipsilateral  cortex  in  adult  rats  (Conti  et  al.,  1998). 
Thus  secondary  apoptosis  mediates  the  delayed  patho¬ 
genic  processes  that  extend  the  extent  of  brain  injury. 
This  observation  has  lead  us  to  adapt  a  model  of  target 
deprivation-induced  neurodegeneration  to  compare  the 
process  of  secondary  neurodegeneration  in  the  develop¬ 
ing  and  mature  brain. 

Animal  models  of  axotomy  and  target  deprivation  in 
the  CNS  provide  a  relatively  simple  and  reliable  para¬ 
digm  for  the  study  of  neuronal  injury  progression  and 
degeneration  (Ross  and  Ebner,  1990;  Agarwala  and 
Kalil,  1998;  Al-Abdulla  and  Martin,  1998;  Al-Abdulla 
et  al.,  1998).  One  model,  unilateral  ablation  of  the  occi¬ 
pital  cortex  in  the  adult  mammalian  brain,  reproducibly 
produces  retrograde  degeneration  and  elimination  of 
subsets  of  neurons  in  the  ipsilateral  dorsal  lateral  genic¬ 
ulate  nucleus  (LGN)  through  bona  fide  apoptosis 
(Al-Abdulla  and  Martin,  1998;  Al-Abdulla  et  al., 
1998).  Because  geniculocortical  projection  neurons  target 
highly  focal  regions  of  visual  cortex  with  minimal  collat¬ 
eralization,  target  deprivation  in  this  system  causes  a 
rapid,  synchronized  death  of  neurons  in  the  dorsal 
LGN  of  adult  rodents  (Barron  et  al.,  1973;  Agarwala 
and  Kalil,  1998;  Al-Abdulla  and  Martin,  1998; 
Al-Abdulla  et  al.,  1998;  Martin  et  al.,  2001).  In  this 
model  of  unilateral  occipital  cortex  ablation  in  the 
adult  CNS,  neurodegeneration  of  the  LGN  neurons 
evolves  morphologically  over  7  days  through  classical 
chromatolysis  to  apoptosis  (Al-Abdulla  et  al.,  1998). 

The  objective  of  this  study  was  to  develop  and  char¬ 
acterize  an  in  vivo  model  of  delayed  neurodegeneration  in 
the  immature  mouse  brain.  We  specifically  examined 
whether  occipital  cortex  ablation  in  the  immature  CNS 
would  cause  death  of  projection  neurons  in  the  dorsal 
LGN.  Furthermore,  we  describe  the  temporal  progres¬ 
sion  of  this  neurodegeneration  with  neuropathological 
and  ultrastructural  morphology,  cleaved  caspase-3 
expression,  and  DNA  fragmentation  patterns. 


EXPERIMENTAL  PROCEDURES 

Animal  care  was  provided  in  accordance  with  the  National 
Institutes  of  Health  Guide  for  the  Care  and  Use  of  Laboratory 
Animals.  The  Animal  Care  and  Use  Committee  of  the  Johns 
Hopkins  University  School  of  Medicine  approved  the  animal 
protocol.  All  efforts  were  made  to  minimize  both  the  suffering 
and  the  number  of  animals  used. 

Lesion  paradigm  to  study  retrograde  degeneration  of  LGN 
neurons 

Eight-day-old  C57BL/6  mouse  pups  and  nursing  mothers 
were  purchased  from  Charles  River  Laboratory  (Wilmington, 
MA,  USA).  Pups  were  housed  with  a  nursing  mother  in  the 
laboratory  animal  suite  with  an  ambient  temperature  of  20°C, 
a  12-h  light/dark  cycle,  and  ad  libitum  access  to  food  and  water. 


At  10  days  of  age,  body  weight  and  gender  were  determined 
prior  to  induction  of  anesthesia  with  enfiurane  and  nitrous 
oxide  in  oxygen.  Pups  were  placed  in  a  mouse  stereotaxic  appa¬ 
ratus  (Stoelting,  Wood  Dale,  IL,  USA)  while  surgical  anesthesia 
was  maintained  with  enfiurane  and  nitrous  oxide.  Ambient  tem¬ 
perature  was  25°C  and  body  temperature  was  maintained  with 
external  warming.  The  scalp  was  cleaned  with  betadine  and  70% 
isopropyl  alcohol  prior  to  making  a  midsagittal  incision,  expos¬ 
ing  the  sagittal  suture  from  the  bregma  to  the  lamdoidal  suture. 
A  3  x  3-mm  cranial  flap  was  made  by  lifting  and  folding  a  rec¬ 
tangular  bone  flap  along  the  medial  aspect;  the  medial  side  was 
located  1  mm  lateral  to  the  midline  and  the  caudal  side  was 
1  mm  rostral  to  the  lambda.  The  right  occipital  cortex  was 
aspirated  using  a  blunt-tipped  20-gauge  needle  connected  to 
low-grade  suction,  without  damaging  surrounding  venous 
sinuses  or  underlying  hippocampus  (Fig.  2A).  The  bone  flap 
was  then  replaced,  and  the  scalp  closed  with  5-0  nylon  suture. 
When  pups  were  able  to  ambulate,  they  were  returned  to  the 
cage  with  the  nursing  mother.  Postlesion  survival  times  after 
occipital  cortex  ablation  were  6,  12,  18,  24,  30,  36,  48,  72  h, 
7  and  28  days  (N=  four  males  and  four  females  for  each  time 
point).  Pups  in  the  sham  groups  underwent  the  same  operative 
procedure,  craniotomy  without  lifting  the  bone  flap,  then  scalp 
closure  and  recovery  (W= 4  at  each  time  point).  Pup  brains  were 
either  perfusion  fixed  for  histological  analysis  or  retrieved  fresh 
for  biochemical  analyses. 

Retrograde  labeling  of  corticopetal  projection  neurons  in  the 
dorsal  LGN 

In  another  series  of  experiments,  unilateral  injections  of  the 
retrograde  tracer  fiuorogold  (FG;  Fluorochrome,  Inc,  Engle¬ 
wood,  CA,  USA)  were  made  into  the  visual  cortex  of  9-day- 
old  mouse  pups  ( N=  8).  The  right  skull  was  exposed  in  anesthe¬ 
tized  pups  as  described  above.  Through  a  burr  hole  located 
I  mm  lateral  to  the  midline  and  1  mm  rostral  to  the  lambda 
(Rosen  et  al.,  2000),  0.5  pi  of  5%  FG  in  deionized,  distilled 
water  was  injected  over  10  min  using  a  25-gauge,  1-jaI  blunt- 
tip  syringe.  One  day  later,  six  pups  underwent  occipital  cortex 
ablation  as  described  above,  and  recovered  for  24,  36,  or  48  h. 
Three  days  after  FG  injection,  the  remaining  two  pups  were 
anesthetized,  perfused,  and  the  brains  cut  into  coronal  sections 
as  described  above  for  light  microscopy.  Sections  were  mounted 
on  glass  slides,  dried,  counterstained  with  Hoechst  33258  (5  pg / 
pi,  Molecular  Probes,  Eugene,  OR,  USA),  and  viewed  by  fluo¬ 
rescence  microscopy. 

Light  microscopic  evaluation  of  neurodegeneration  in  the 
dorsal  LGN 

At  the  10  postlesion  times  described  above,  body  weight  was 
measured  and  pups  were  anesthetized  with  intraperitoneal 
administration  of  6  mg/g  body  weight  chloral  hydrate  (8%). 
The  pups  were  perfused  through  the  left  ventricle  with  20  ml 
phosphate-buffered  saline  (PBS,  100  mM,  pH  7.4),  then  perfu¬ 
sion  fixed  with  4%  paraformaldehyde  in  PBS  (120  ml).  Brains 
were  removed  from  the  skull,  cryoprotected  in  20%  glycerol, 
frozen,  and  then  serial  40-pm  coronal  sections  were  cut  from 
the  frontal  pole  through  the  brain  stem  using  a  sliding  micro¬ 
tome.  Every  fifth  section  was  mounted  on  gelatin-coated  micro¬ 
scope  slides,  dried,  dehydrated  with  alcohols,  and  stained  with 
Cresyl  Violet  for  90  s.  Slides  were  rinsed  with  distilled  water  to 
remove  excess  stain,  then  immersed  in  70%  and  95%  ethanol  to 
destain  the  tissue  until  the  white  matter  tracts  were  milky  white. 
Selected  sections  containing  LGN  (sections  from  two  pups  per 
time  point)  were  mounted  on  subbed  slides,  dried,  and  stained 
with  Hoechst  33258  (5  pg/pl)  to  label  nucleic  acid  with  blue 
fluorescence. 

TUNEL  labeling  to  identify  dying  cells  in  the  LGN  after  occipital 
cortex  ablation 

At  12,  24,  36,  and  48  h  after  occipital  ablation,  terminal 
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deoxynuclcotidyl  transferase  (TdT)-mediated  deoxyuridine  tri¬ 
phosphate  (dUTP)-biotin  nick  end  labeling  (TUNEL)  was  per¬ 
formed  as  previously  described  (Portera-Cailliau  et  a!.,  1997). 
Mounted  coronal  sections  were  incubated  with  20  pg/ml  pro¬ 
teinase  K  (Boehringer  Mannheim,  Basel,  Switzerland)  for  15  min 
in  phosphate  buffer.  Endogenous  peroxidases  were  inactivated 
with  2.5%  hydrogen  peroxide.  Sections  were  incubated  in  TdT 
buffer  and  biotinylated  dUTP  for  60  min.  Two  sections,  serving 
as  negative  controls,  were  processed  in  parallel  without  TdT 
buffer  and  biotinylated  dUTP.  After  stopping  the  reaction,  sec¬ 
tions  were  blocked  with  2.5%  non-fat  milk,  and  then  incubated 
in  avidin  peroxidase.  Sections  were  finally  processed  with  a  stan¬ 
dard  diaminobenzidine  chromogenic  reaction. 


Cleaved  caspase-3  immunofluorescence  in  the  immature 
dorsal  LGN 

Paraformaldehyde-fixed  coronal  brain  sections  from  mouse 
pups  12,  18,  24,  36  and  72  h  postlesion  were  washed  with 
PBS,  then  blocked  with  10%  normal  goat  serum  in  0.3%  Triton 
X-100  for  30  min  at  room  temperature.  Sections  were  then 
incubated  overnight  at  4°C  in  a  rabbit  polyclonal  antibody 
that  detects  cleaved  caspase-3  (1:100,  Cell  Signaling  Technol¬ 
ogy,  Beverly,  MA,  USA)  in  0.2%  Triton  X-100,  On  immuno- 
blots,  this  antibody  detected  a  single  band  at  20  kDa  (Fig.  6G). 
After  washing  with  PBS,  half  of  the  sections  were  processed  for 
fluorescent  immunolabel,  while  the  others  were  processed  for 
chromogenic  immunodetection.  For  fluorescent  labeling,  the  sec¬ 
tions  were  placed  in  secondary  antibody  solution  containing  2% 
normal  goat  serum,  0.2%  Triton  X-100,  and  affinity-purified 
donkey  anti-rabbit  IgG  conjugated  to  Cy3  (1:100,  Jackson  Im- 
munoresearch  Laboratories,  Inc.,  West  Grove,  PA,  USA)  for  1  h 
while  protected  from  light.  These  sections  were  washed  in  PBS, 
mounted  on  gelatin-coated  slides,  coverslipped  with  Gel/Mount 
(Biomeda,  Foster  City,  CA,  USA),  and  viewed  under  a  fluores¬ 
cent  microscope  (Nikon  Microphot  FXA).  For  chromogenic 
immunodetection,  the  sections  were  placed  in  secondary  anti¬ 
body  solution  containing  2%  normal  goat  serum,  0.1%  Triton 
X-100,  and  affinity-purified  goat  anti-rabbit  IgG  (1:100,  Cappel, 
ICN  Pharmaceuticals,  Aurora,  OH,  USA)  for  1  h.  After  rinsing, 
the  sections  were  incubated  in  rabbit  peroxidase  anti-peroxidase 
in  2%  normal  goat  serum  for  1  h.  Sections  were  processed  with  a 
standard  peroxide-diaminobenzidinc  chromogenic  reaction. 
After  immunostaining,  the  sections  were  washed  in  PBS, 
mounted  on  gelatin-coated  slides,  air  dried,  dehydrated,  and 
counterstained  with  Crcsyl  Violet  as  described  above.  Two  addi¬ 
tional  sections  were  incubated  without  the  addition  of  cleaved 
caspase-3  antibody  and  processed  along  with  the  sections 
described  above. 


Quantification  of  apoplotic  cells  in  the  immature  dorsal  LGN 

Cresyl  Violet-stained  sections  were  used  to  count  end-stage 
apoptotic  cells  in  the  dorsal  and  ventral  LGN  of  mouse  pups 
at  the  10  postlesion  times  described  above  after  unilateral  occi¬ 
pital  cortex  ablation.  Brain  sectioning,  section  mounting,  and 
staining  are  described  above.  The  serially  mounted,  stained 
coronal  brain  sections  were  reviewed  under  low  magnification 
(1 2.5 X )  to  identify  the  five  (11—1 7-day-old  pups)  or  seven  (38- 
day-old  pups)  consecutive  sections  that  included  the  ipsilateral 
or  contralateral  LGN.  The  third  or  fourth  of  these  five  or  seven 
sections  represents  the  mid-level  through  each  LGN  in  the  ros- 
trocaudal  axis.  Counts  of  end-stage  apoptotic  cells  were  made  in 
two,  non-overlapping  high  power  fields  (I00OX)  at  this  level. 
Each  field  was  counted  in  triplicate  with  the  mean  number  of 
apoptotic  cells  reported.  Apoptotic  cells  were  identified  by  a 
rounded,  condensed,  translucent  rim  of  cytoplasm,  detached 
from  surrounding  neuropil,  with  two  or  more  sharply 
delineated,  uniformly  dense,  smooth,  round,  regularly  shaped 
discrete  masses  of  dark  purple  chromatin  (Fig.  4E  and  F). 


Ultrastruclural  analysis  of  neuronal  death  in  the  dorsal  LGN  after 
occipital  cortex  ablation 

After  18,  24,  and  36  h  postlesion,  mouse  pups  (N=  2  per  time 
point)  were  anesthetized  with  chloral  hydrate  as  described 
above,  an  incision  was  made  to  expose  the  abdominal  contents, 
and  0.1  ml  sodium  nitrate  and  20  units  of  heparin  (Sigma,  St. 
Louis,  MO,  USA)  were  injected  into  the  spleen.  A  thoractomy 
exposed  the  heart  for  insertion  of  a  23-gauge  needle  into  the  left 
ventricle  to  deliver  20  ml  1%  paraformaldehyde/0. 1%  glutaral- 
dehyde  in  0.1  M  phosphate  buffer  followed  by  120  ml  2%  para¬ 
formaldehyde/2%  glutaraldehyde  in  phosphate  buffer.  Brains 
were  postfixed  in  situ  with  the  same  fixative.  The  LGNs  ipsi¬ 
lateral  and  contralateral  to  the  cortical  lesion  were  microdis- 
sected  from  each  brain,  rinsed  in  0.1  M  phosphate  buffer, 
placed  in  2%  osmium  tetroxide  for  2  h,  dehydrated  and 
embedded  in  plastic.  Semithin  sections  (1  pm)  stained  with  1% 
Toluidine  Blue  were  screened  for  area  of  interest,  then  thin 
sections  were  cut  on  an  ultramicrotome  (Sorvall,  Norwalk, 
CT,  USA),  contrasted  with  uranyl  acetate  and  lead  citrate, 
and  viewed  with  a  Jeol  100S  electron  microscope. 

Agarose  gel  electrophoresis  for  DNA  fragmentation 

For  regional  biochemical  analyses,  the  brain  was  removed 
from  anesthetized  mice  surviving  18  and  24  h  after  occipital 
cortex  ablation  or  sham  lesioned  (/V=  20  in  each  group).  The 
brain  was  placed  on  a  plate  of  ice  under  a  stereomicroscope  and 
the  cortex  reflected  to  expose  the  dorsal  thalamus.  Surface  land¬ 
marks  delineated  the  LGN.  From  each  animal,  the  ipsilateral 
(target-deprived)  and  contralateral  (control)  LGN  were  micro- 
dissected  and  immediately  frozen  in  chilled  isopentane  (-40°C). 
For  each  time  point,  either  ipsilateral  or  contralateral  LGN 
tissue  from  20  brains  were  pooled.  We  verified  the  accuracy  of 
the  LGN  microdissection  by  removing  LGN  samples,  immer¬ 
sion  fixing  the  hindbrain  in  4%  paraformaldehyde,  then  cryo- 
protected  in  20%  glycerol.  The  rostral  hindbrain  was  cut  into 
40-pm  sections  on  a  sliding  microtome,  then  stained  with  Cresyl 
Violet  and  viewed  microscopically  (data  not  shown). 

LGN  samples  were  homogenized  with  a  polytron  in  cold 
homogenization  buffer  with  protease  inhibitors  (20  mM  Tris- 
HC1,  pH  7.4,  with  10%  sucrose,  1  mM  EDTA,  5  mM  EGTA, 
20  U/ml  Trayslol,  20  pg/ml  leupeptin,  20  pg/ml  antipain,  20  jig/ 
ml  pepstatin,  20  pg/ml  chymostatin,  0.1  mM  phenylmethylsul- 
fonyl  fluoride,  10  mM  benzamidine;  Sigma,  St.  Louis,  MO, 
USA),  then  centrifuged  at  1000  Xg  for  10  min  at  4°C.  To  iden¬ 
tify  the  pattern  of  DNA  fragmentation  in  the  LGN  after  occi¬ 
pital  ablation,  DNA  was  extracted  from  this  nuclear-enriched 
pellet  obtained  from  microdissccted  ipsilateral  or  contralateral 
LGN  from  sham-lesioned  and  recovered  pups  18  and  24  h  after 
occipital  ablation.  LGN  samples  were  treated  with  proteinase  K 
overnight,  and  genomic  DNA  was  extracted  with  phenol  :chlor- 
oform:isoamyl  alcohol.  DNA  concentration  was  determined 
spectrophotometrically.  After  digesting  RNA  with  DNase-free 
RNase  followed  by  repurification,  DNA  (2  pg)  was  end-labeled 
with  digoxigenin.  DNA  was  fractionated  in  a  1.5%  agarose  gel, 
transferred  to  a  nylon  membrane  and  crosslinked  with  ultravio¬ 
let  (UV)  light.  Membranes  were  incubated  in  2%  nucleic  acid 
blocking  reagent  containing  anti-digoxigenin  Fab  fragments 
(Boehringer  Mannheim)  conjugated  to  alkaline  phosphatase 
(7.5  units),  and  detected  with  disodium  3-(4-methoxyspiro[l,2- 
dioxetane-3,2'-(5'-chloro)tricyclo[3.3.1]decan)-4-yl)  phenyl  phos¬ 
phate  (CSPD,  Boehringer  Mannheim)  followed  by  exposure  to 
Kodak  X-Omat  AR  film. 

Statistical  analyses 

GraphPad  Prism,  v.  3.02  (San  Diego,  CA,  USA)  was  used  for 
statistical  analysis.  Weight  gain  was  compared  between  groups 
using  the  one-way  analysis  of  variance  (ANOVA)  with  post  hoc 
Newman-Keuls  multiple  comparisons  test.  Apoptotic  cell 
counts  in  the  ipsilateral  dorsal  LGN  were  compared  to  the  con- 
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tralateral  dorsal  LGN  or  ipsilateral  ventral  LGN  by  the  paired 
Wilcoxon-matched  pairs  test.  These  comparisons  were  under¬ 
taken  separately  in  sham  and  injured  animals  at  each  time 
period.  For  each  recovery  time  period,  apoptotic  cell  counts  in 
ipsilateral  dorsal  LGN,  ipsilateral  ventral  LGN,  contralateral 
dorsal  LGN,  and  contralateral  ventral  LGN  were  compared 
to  the  corresponding  region  in  sham-ablated  animals  using  the 
Mann-Whitney  CAtest.  For  all  tests,  criterion  alpha  was  set  at 
<0.05.  Data  are  reported  as  means  ±  S.E.M.  for  each  group. 


RESULTS 

Unilateral  occipital  cortex  ablation  is  a  reproducible  brain 
lesion  in  the  10-day-old  mouse  pup 

Aspiration  of  the  right  occipital  cortex  is  well  tolerated 
by  10-day-old  C57BL/6  mouse  pups.  Three  percent  of 
pups  died  during  anesthetic  induction.  Postoperative 
mortality  was  <  2%,  and  was  accounted  for  by  maternal 
cannibalism.  By  10  min  after  the  procedure,  pups  were 
walking  and  feeding.  Some  small  differences  were  found 
in  weight  gain  early  after  the  lesion  (Fig.  1).  However,  by 
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Fig.  I.  Growth  after  unilateral  occipital  lobe  ablation  in  10-day- 
old  mouse  pups.  Eight  naive  pups  were  weighed  at  II,  12,  13,  17 
and  38  days  of  age.  Open  bars  ( ±  S.E.M.)  show  the  mean  weight 
gain  in  g  from  baseline  weight  at  10  days  of  age.  Average  body 
weight  of  1 0-day-old  pups  was  4.2  ±0.1  g.  In  a  second  group  of 
1 0-day-old  pups,  anesthesia  with  unilateral  craniotomy  was  per¬ 
formed  without  disruption  of  the  dura  or  cortical  ablation.  Pups 
were  recovered  for  I,  2,  3,  7,  or  28  days  (N  =  4  at  each  time 
point).  Shaded  bars  (±  S.E.M.)  show  the  mean  weight  gain  at 
each  time.  Sham  cortical  ablation  did  not  alter  weight  gain  in 
mouse  pups.  In  a  third  group  of  10-day-old  pups,  anesthesia,  uni¬ 
lateral  craniotomy,  and  occipital  cortex  ablation  was  performed. 
As  above,  pups  were  recovered  for  1 ,  2,  3,  7,  or  28  days  (N  =  &  at 
each  time  point).  Black  bars  (±  S.E.M.)  show  mean  weight  gain  at 
each  time  point.  One  and  3  days  after  unilateral  occipital  ablation, 
pups  continue  to  feed  and  grow  at  the  same  rate  as  agc-matched 
naive  pups  or  sham-ablated  pups.  However,  at  2  days  after  abla¬ 
tion,  sham-ablated  pups  gained  more  weight  than  either  agc- 
matched  naive  pups,  or  occipital-ablatcd  pups  (P<  0.05).  By 
7  days  after  surgery,  both  sham  and  occipital  cortex-ablated 
groups  gained  more  weight  than  age-matched  naive  pups  (P<0.0l 
and  f  <  0.00 1  respectively),  while  occipital  cortex-ablated  pups 
gained  more  weight  than  sham-ablated  pups  (/*  <  0.05). 


28  days  after  surgery,  there  was  no  difference  in  weight 
gain  between  groups. 

The  extent  of  the  occipital  cortex  lesion  is  shown  in 
Fig.  2A.  Unilateral  occipital  cortex  ablation  produced  a 
consistent  lesion  5.4  ±  0.5  mm3  in  volume  and  extending 
through  the  entire  thickness  of  the  cortex.  The  underly¬ 
ing  hippocampus  arid  surrounding  dural  sinuses  were 
spared  (Fig.  2A).  Neither  clinical  seizure  activity  nor 
overt  motor  dysfunction  were  observed  during  the  recov¬ 
ery  period.  In  sham-lesioned  animals,  removal  of  the 
bone  flap  alone,  without  aspiration  of  cortex,  produced 
visible  but  less  extensive  occipital  cortex  damage 
(Fig.  2C). 

The  dorsal  LGN  has  established  projections  to  the 
occipital  cortex  in  10-day-old  mouse  pups 

The  area  of  cortex  that  was  ablated  in  the  10-day-old 
mouse  pup  is  the  termination  zone  of  corticopetal  pro¬ 
jection  neurons  in  the  dorsal  LGN  as  identified  by  FG 
tracing  (Fig.  2A,  box,  area  of  enlargement  in  Fig.  2B). 
FG  is  present  in  thalamocortical  neurons  as  cytoplasmic, 
somatodendritic,  and  axonal  aggregates  (Fig.  2B,  inset). 
These  small  granules  within  the  perikaryal  cytoplasm  are 
consistent  with  the  accumulation  of  this  retrograde  tracer 
within  vesicles.  This  is  the  typical  pattern  of  FG  distri¬ 
bution  (Schmued  and  Fallon,  1986).  Few  FG-positive 
neurons  were  detected  in  the  ipsilateral  ventral  LGN 
nuclei,  but  no  cells  in  the  contralateral  ventral  LGN 
showed  FG  uptake. 

Cells  in  the  dorsal  LGN  degenerate  with  a  pattern 
consistent  with  apoptosis  following  occipital  cortex 
ablation 

TUNEL-positive  cells  were  detected  in  the  ipsilateral 
dorsal  LGN  12,  24,  36,  and  48  h  postlesion,  peaking  at 
36  h  (Fig.  3A).  However,  no  TUNEL  staining  was 
present  in  the  contralateral  dorsal  LGN  at  any  time 
point  after  unilateral  occipital  ablation.  TUNEL-positive 
cells  were  identified  as  neurons  based  on  previously 
described  characteristics,  notably  cell  size  and  the  pattern 
of  nuclear  condensation  (Al- Abdulla  and  Martin,  1998). 
In  dying  neurons,  chromatin  clumps  had  dense  TUNEL 
reactivity  (Fig.  3B),  consistent  with  nuclear  chromatin 
pattern  identified  by  Cresyl  Violet  (Fig.  4)  or  Hoescht 
stain  (Fig.  3D,  F)  of  apoptotic  neurons.  This  nuclear 
morphology  is  characteristic  of  apoptosis  in  neurons 
(Martin  et  al.,  1998).  In  some  TUNEL-positive  neurons, 
there  was  lighter  staining  of  the  nuclear  core  (Fig.  3C). 
No  staining  was  observed  when  TdT  buffer  and  biotinyl¬ 
ated  dUTP  were  omitted  (results  not  shown). 

To  determine  whether  these  dying  cells  are  thalamo¬ 
cortical  neurons,  FG  was  injected  into  the  right  occipital 
cortex  prior  to  ablation.  In  a  FG-injected,  non-ablated 
mouse  brain,  FG  is  present  in  the  cytoplasm  and  soma¬ 
todendritic  process  of  a  thalamocortical  neuron  in  the 
ipsilateral  dorsal  LGN  (Fig.  2B,  inset,  Fig.  3E).  Figure 
3F  illustrates  the  distinctive  apoptotic  phenotype  in  a 
thalamocortical  neuron  after  occipital  ablation,  identified 
by  coalescence  of  FG  vesicles  occurring  in  the  condens- 
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Fig.  2.  Dorsal  LGN  projections  to  the  occipital  cortex  in  I0-day-o!d  mouse  pups.  (A)  Low-magnification  view  of  a  40-gm- 
thick  Cresyl  Violet-stained  coronal  section  at  level  of  the  LGN.  Lesion,  indicated  by  **,  extends  through  all  layers  of  the 
occipital  cortex,  sparing  the  hippocampus  and  corpus  collosum  inferiorly,  and  the  cingulate  gyrus  medially.  Box  outlines  the 
ipsilatcral  LGN  region  from  a  non-injured  brain  that  is  enlarged  in  (B).  Scale  bar  =  600  pm.  (B)  Thalamocortical  connectivity 
in  a  naive  10-day-old  mouse  pup.  Under  UV  light,  cortical  projection  neurons  in  the  dorsal  LGN  are  labeled  with  bright 
yellow  FG  after  injection  of  this  retrograde  tracer  into  the  occipital  cortex.  By  contrast,  thalamic  neurons  in  the  ventral 
LGN  (vLGN)  show  scant  FG  tracer.  Digital  image  brightness  adjusted  to  reduce  background  signal  in  the  lateral  ventricle. 
LV,  lateral  ventricle.  Thalamocortical  projection  neurons  contain  FG  aggregated  in  a  somatodendritic  distribution  (B,  inset). 
(C)  Low-magnification  view  of  a  40-gm-thick  Cresyl  Violet-stained  coronal  section  of  a  representative  brain  36  h  after  sham 
occipital  cortex  lesion.  Removal  of  the  cranial  bone  flap  caused  minimal  occipital  cortex  damage  (##).  (D)  Cellular  morphol¬ 
ogy  in  the  contralateral  dorsal  LGN  (dLGN)  36  h  after  sham  lesion.  No  apoptotic  cells  are  identified.  Scale  bar  =  40  pm.  (E) 
In  a  comparative  view  of  the  ipsilatcral  dorsal  LGN  in  the  same  section  36  h  after  sham  lesion,  three  apoptotic  cells  are 
identified  (black  arrows).  Scale  bars  =  600  pm  (A,  C);  80  pm  (B);  40  pm  (D,  E);  5  pm  (B,  inset). 


ing  cytoplasm,  while  the  nucleus  has  condensed  into  sev¬ 
eral  small,  round  aggregates  characteristic  of  apoptosis. 

The  temporal  and  structural  progression  of  axotomy- 
induced  thalamocortical  neuronal  degeneration  was 
examined  in  Cresyl  Violet-stained  coronal  sections  from 
mouse  pups  after  occipital  cortex  ablation.  Apoptotic 
cells  in  the  ipsilateral  and  contralateral  thalamic  dorsal 
and  ventral  LGN,  characterized  by  the  morphology  seen 
in  Fig.  4E  and  F,  were  counted  at  10  time  points  after 
unilateral  occipital  ablation  (Table  1).  The  low  number 
of  apoptotic  cells  in  the  ipsilateral  ventral  LGN,  and 
contralateral  nuclei  are  consistent  with  the  level  of  pro¬ 
grammed  cell  death  in  the  immature  brain  (Parnavelas  et 
al.,  1977).  At  36  and  48  h  after  ablation,  apoptotic  cell 
counts  in  the  ipsilateral  dorsal  LGN  were  higher  than  in 
the  ipsilateral  ventral  LGN  or  the  contralateral  dorsal 
LGN.  Sham-ablated  groups  showed  no  significant  differ¬ 
ence  in  apoptotic  cell  counts  in  any  of  the  four  thalamic 
nuclei.  However,  there  were  more  apoptotic  cells  in  the 
ipsilateral  dorsal  LGN  from  ablated  mice  compared  to 
time-matched  sham-ablated  groups  at  36  and  48  h  after 
ablation.  Figure  2E  shows  the  extent  of  apoptosis  in  the 


dorsal  LGN  36  h  after  occipital  ablation  (arrows),  com¬ 
pared  to  the  contralateral  dorsal  LGN  (Fig.  2D).  Gender 
did  not  significantly  influence  apoptotic  cell  counts  (data 
not  shown). 

Neurons  in  the  dorsal  LGN  passed  through  the  chro- 
matolytic  stage  18-24  h  after  occipital  ablation,  then 
underwent  apoptosis  that  was  completed  by  48-72  h 
postlesion  (Fig.  4).  In  chromatolytic  neurons,  the  nucleus 
became  eccentric  and  the  neuron  appears  to  swell.  Sub¬ 
sequently,  after  the  chromatolytic  stage,  there  was 
shrinkage  of  the  cell  body  and  dendrites,  and  the  Nissl 
substance  dispersed  creating  a  less  dense  cytoplasm 
(Fig.  4B,  C).  Clumping  of  chromatin  into  multiple 
small  masses  (‘minimass  stage’)  further  lightened  the 
cytoplasm  and  distinguished  entry  into  the  apoptotic 
stage  (Fig.  4D).  Further  coalescence  of  minimasses  into 
larger,  dense  chromatin  masses  characterized  entry  into 
end-stage  apoptosis  (Fig.  4E,  F).  At  this  point,  the  cel¬ 
lular  debris  has  fully  condensed  chromatin  surrounded 
by  translucent  cytoplasm.  This  progression  of  neuronal 
death  replicated  the  morphology  of  apoptosis  found  in  in 
vivo  paradigms  of  neuronal  apoptosis  in  mature  neurons. 
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Fig.  3.  Apoptotic  neurodegeneration  of  the  ipsilateral  dorsal  LON  following  occipital  cortex  ablation.  (A)  High-magnification 
image  from  the  ipsilateral  dorsal  LGN  36  h  after  occipital  ablation  stained  with  TUNEL  method.  Black  arrows  indicate 
neurons  with  dense  TUNEL  nuclear  reactivity.  (B)  Degenerating  neuron  with  nuclear  TUNEL  reactivity  characteristic  of  ap¬ 
optosis.  (C)  Other  degenerating  neurons  have  lighter  staining  of  the  nuclear  core  surrounded  by  dense  TUNEL-positive 
nuclear  matrix.  (D)  High  magnification  of  near  adjacent  section  through  the  ipsilateral  dorsal  LGN  36  h  after  occipital  abla¬ 
tion  stained  with  Hoescht  33258  shows  widespread  apoptotic  cells  with  bright  blue-stained,  round,  chromatin  clumps  (white 
arrows).  (E)  LGN  neurons  project  to  the  ipsilateral  occipital  cortex  in  immature  mouse  pups.  One  day  after  FG  injection 
into  the  occipital  cortex,  FG  aggregates  (colored  arrow)  are  present  in  the  cytoplasm  and  somatodendritic  processes  of  a 
thalamocortical  projection  neuron  in  the  ipsilateral  LGN.  (F)  Thalamocortical  projection  neurons  show  apoptotic  morphology 
after  occipital  ablation.  A  FG-labeled  thalamocortical  projection  neuron  (colored  arrow)  in  the  ipsilateral  LGN  has  chroma¬ 
tin  clumps  (white  arrow)  36  h  after  occipital  ablation.  Scale  bars  =  8  pm  (A);  5  pm  (B,  C);  10  pm  (D);  4  pm  (E,  F). 


Electron  microscopy  ( EM)  identifies  prominent  apoptosis 
in  the  dorsal  LGN  after  cortical  ablation  in  immature 
brain 

With  EM,  many  apoptotic  cells  were  found  through¬ 
out  the  dorsal  LGN  (Fig.  5).  At  18  h  after  cortical  abla¬ 
tion,  some  neurons  in  the  LGN  showed  early  structural 
features  of  apoptosis,  notably  darkening  of  the  cyto¬ 
plasm  and  nascent  chromatin  condensation  in  the 
nucleus  (Fig.  5A).  By  24  h  postlesion,  the  ultrastructure 
of  degenerating  LGN  cells  was  characterized  by  progres¬ 
sive  cytoplasmic  and  nuclear  condensation  with  chroma¬ 
tin  compaction  into  uniformly  large  round  clumps  within 
the  nucleus  (Fig.  5B).  Based  on  cell  size  and  number 
present,  these  apoptosis  profiles  were  considered  to  be 
neurons.  At  36  h  postlesion,  macrophages/microglia 
were  observed  engulfing  apoptotic  debris  (Fig.  5C). 

Expression  of  cleaved  caspase-3  in  the  dorsal  LGN 
precedes  apoptosis  identified  structurally 

Expression  of  cleaved  caspase-3  serves  as  a  biochemi¬ 
cal  marker  of  cells  undergoing  apoptosis.  The  cleaved 
caspase-3  antibody  detected  a  single  cleaved  form  at  20 
kDa  (Fig.  6P)  in  human  T  lymphocyte  leukemia  whole 
cell  lysates  (HuT).  Using  this  antibody,  cleaved  caspase-3 
immunostaining  localized  to  both  the  cytoplasm  and 
nucleus  in  neurons  (Fig.  61,  inset,  K,  and  L).  No  cleaved 
caspase-3  immunostaining  was  detected  12  h  after  occi¬ 


pital  ablation.  However,  cleaved  caspase-3  expression 
was  detected  in  neurons  at  18  h  postlesion  (Fig.  6G,  K, 
and  L).  By  24  h,  there  was  robust  cleaved  caspase-3  im¬ 
munofluorescence  (Fig.  6H)  that  remained  through  36  h 
(Fig.  61).  Furthermore,  at  36  h  postlesion,  cleaved  cas¬ 
pase-3  immunoreactivity  localized  to  the  cytoplasm  of 


Fig.  4.  Structural  progression  of  axotomy-induced  apoptosis  in 
LGN  neurons  in  10-day-old  mice.  (A)  Normal  neuronal  morphol¬ 
ogy  is  found  in  a  naive  1 0-day-old  pup.  (B,  C)  Representative  neu¬ 
rons  show  chromatolytic  phenotype  with  eccentric  placement  of 
the  nucleus  and  cellular  condensation  18-24  h  postlesion.  (D,  E) 
Representative  neurons  show  further  cell  shrinkage  with  condensa¬ 
tion  of  chromatin  into  dense,  round  aggregates  36-48  h  postlcsion. 
(F)  End-stage  neurons  arc  characterized  by  pale  cytoplasm,  loss  of 
nuclear  membrane,  dense,  round  chromatin,  and  small  size.  Scale 
bar  =  5  pm. 
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Table  I.  Apoptotic  cell  counts  in  the  LGN  after  unilateral  occipital  ablation 


Apoptotic  cells/mm2 

Dorsal  LGN 

Ventral  LGN 

Ipsilateral 

Contralateral 

Ipsilateral 

Contralateral 

6  h 

0.00  ±0.00 

0.00  ±0.00 

0.00  ±0.00 

0.00  ±0.00 

6  h  sham 

0.00  +  0.00 

0.00  ±0.00 

0.00  ±0.00 

0.00  ±0.00 

12  h 

2.93  ±1.69 

2.83  ±1.63 

2.13  ±0.92 

1.09  ±0.75 

12  h  sham 

0.03  ±0.03 

0.03  ±0.03 

0.10±0.l0 

0.03  ±0.03 

18  h 

2.40  ±1.57 

0.01  ±0.0! 

2.80  ±1.27 

0.40  ±0.40 

18  h  sham 

1.07  ±1.07 

0.03  ±0.03 

3.20  ±1.85 

1.07  ±1.07 

24  h 

8.77  ±  5.70 

0.01  ±0.01 

2.80  ±  1.27 

0.01  ±0.01 

24  h  sham 

0.52  ±0.35 

0.02  ±0.02 

0.05  ±0.05 

0.02  ±0.02 

30  h 

170  ±12.2” 

0.02±0.03*** 

1.56  ±  1.1 1** 

0.80  ±0.52 

30  h  sham 

30.4  ±15.8 

0.02  ±0.03 

0.02  ±0.02 

0.02  ±0.02 

36  h 

217  ±8.98* 

0.40  ±0.40*** 

0.01  ±0.01** 

0.80±0.52 

36  h  sham 

48.8  ±18.8 

0.03  ±0.03 

0.03  ±0.03 

1.07  ±1.07 

48  h 

131  ±10.0” 

0.0!  ±0.01** 

0.01  ±0.01"" 

0.01  ±0.01 

48  h  sham 

34.4  ±18.1 

0.02  ±0.02 

0.02  ±0.02 

0.02  ±0.02 

72  h 

10.4  ±3.80 

0,01  ±0.01* 

1.60  ±0.60 

0.40  ±0.40 

72  h  sham 

8.50  ±3.81 

0.03  ±0.03 

0.03  ±0.03 

0.03  ±0.03 

7  days 

2.32  ±2.02 

0.01  ±0.01 

0.91  ±0.92 

0.00  ±0,00 

7  days  sham 

4.80  ±1.33 

0.01  ±0.01 

0.01  ±0.01 

0.00  ±0.00 

28  days 

0.00  ±0.00 

0.00  ±0.00 

0.00  ±0.00 

0.00  ±0.00 

28  days  sham 

0.00  ±0.00 

0.00  ±0.00 

0.00  ±0.00 

0.00  ±0.00 

N  =  8  for  occipital  ablation  groups,  A'= 4  for  sham  groups.  Values  are  mean ± S.E.M,  Ipsilateral  vs.  contralateral,  */><0.0S,  **/><0.01, 
***/’ < ().(K)  1 ,  Wilcoxon  signed  rank  test;  ipsilateral  dorsal  vs.  ipsilateral  ventral,  UG P <  00 1 ,  Wilcoxon  signed  rank  test;  ipsilateral  dorsal 
vs.  ipsilateral  dorsal  sham,  ‘Pc  0.05,  “Pc  0.01,  Mann-Whitney  V- test. 


LGN  cells  with  end-stage  apoptotic  phenotype  (Fig.  6M 
and  N).  Sparse  cleaved  caspasc-3-positive  cells  remain  at 
72  h  postlesion  (Fig.  6J).  The  contralateral  dorsal  LGN 
in  the  same  coronal  sections  for  each  time  point  showed 
rare  cleaved  caspase-3-expressing  cells  (Fig.  6A-E). 
When  the  primary  antibody  was  omitted,  background 
staining  was  observed  due  to  non-specific  binding  of 
the  secondary  fluorescent  antibody  with  an  appearance 
similar  to  immunostaining  in  the  contralateral  dorsal 
LGN  (data  not  shown). 

Internucleosomal  fragmentation  of  DNA  precedes 
apoptosis  end-stage  in  the  LGN 

The  pattern  of  genomic  DNA  fragmentation  in  the 
LGN  was  used  as  a  marker  for  early  cell  death.  An 
internucleosomal  (‘ladder’)  pattern  of  DNA  fragmenta¬ 
tion  was  present  in  the  ipsilateral  LGN  at  18  and  24  h 
after  unilateral  occipital  cortex  ablation  (Fig.  7).  This 
pattern  is  characteristic  of  many  forms  of  apoptosis 
(Compton,  1992).  Genomic  DNA  extracted  from  the 
contralateral  LGN  in  the  same  mice  showed  no  DNA 
fragmentation  at  the  same  recovery  times. 


DISCUSSION 

This  study  provides  novel  information  on  the  temporal 
progression  of  subcortical  delayed  neuronal  apoptosis  in 
the  immature  brain  after  cortical  injury.  Specifically,  we 
show  the  upstream  biochemical/molecular  mechanisms  of 
neuronal  apoptosis  in  the  thalamus  after  cortical  dam¬ 
age,  including  DNA  fragmentation  and  cleavage  of  cas- 


pase-3,  are  engaged  within  the  first  18-24  h  and  precede 
structural  cell  death.  This  time  course  is  consistent  with  a 
mechanism  initiated  by  neurotrophin  withdrawal  as  eval¬ 
uated  in  vitro  with  PC  1 2  cells  (Pittman  et  al.,  1993).  We 
anticipate  that  the  implementation  of  postulated  neuro- 
protective  interventions  after  this  time,  perhaps  targeted 
at  limiting  caspase-3  activation,  would  be  ineffective  in 
this  model  of  remote  degeneration. 

Expression  of  cleaved  caspase-3  precedes  apoptosis 
identified  structurally 

Structural  evidence  for  apoptosis  began  to  emerge 
approximately  24  h  postlesion  by  light  microscopy  and 
approximately  18  h  postlesion  by  EM.  By  36  h  postlesion 
massive  end-stage  apoptosis  was  present  in  the  dorsal 
LGN  observed  in  Nissl,  TUNEL,  and  EM  preparations. 
Therefore,  the  structural  process  of  neuronal  apoptosis 
occurs  over  6-18  h  in  immature  thalamic  neurons  after 
axotomy.  Although  evaluation  of  Cresyl  Violet-stained 
sections  showed  no  evidence  for  necrotic  cell  death  in 
the  LGN,  we  recognize  that  TUNEL-positive  cells  may 
represent  necrotic  or  apoptotic  cell  death.  Therefore  it 
would  be  premature  to  conclude  that  in  this  model  of 
subcortical  delayed  cell  death,  apoptotic  phenotype 
occurs  to  the  exclusion  of  necrotic  cell  death.  We  also 
demonstrate  that  biochemical  events  associated  with  ap¬ 
optosis  precede  the  development  of  the  apoptotic  pheno¬ 
type.  At  both  18  and  24  h  postlesion,  internucleosomal 
fragmentation  of  DNA  was  detected  (Fig.  7).  Thus  in 
immature  thalamic  neurons,  genomic  DNA  fragmenta¬ 
tion  preceded  the  major  structural  events  in  the  nucleus. 
Similarly,  cleaved  caspase-3,  a  protease  whose  activation 
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can  lead  directly  to  an  apoptotic  phenotype,  was  first 
detected  in  neurons  in  the  ipsilateral  dorsal  LGN  18  h 
postlesion  (Fig.  6).  By  24  and  36  h  postlesion,  caspase-3 
cleavage  was  widespread  in  the  dorsal  LGN.  Specifically, 
cleaved  caspase-3  expression  co-localized  to  cells  with 
end-state  apoptotic  morphology,  suggesting  a  role  for 
caspase-3  activation  in  this  model  of  apoptosis.  The  me¬ 
diating  effect  of  caspase-3  is  further  substantiated  by  low 
apoptotic  cell  counts  at  24  h  postlesion  (Table  1)  when 
cleaved  caspase-3  expression  is  high  (Fig.  6H),  suggesting 
that  cleaved  caspase-3  expression  precedes  apoptotic  cell 
death. 

Cleaved  caspase-3  expression  is  present  in  the  ipsilat¬ 
eral  ventral  LGN  (Fig.  6),  raising  the  possibility  that 
caspase-3  activation  may  be  an  epiphenomenon  of  corti¬ 
cal  ablation.  However,  cleaved  caspase-3  expression  in 
the  ventral  LGN  was  not  unexpected.  Geniculate  neu¬ 
rons  projecting  to  the  occipital  cortex  in  the  10-day-old 
pup  are  not  exclusively  localized  to  the  dorsal  LGN  as 
shown  in  Fig.  2B.  Here,  FG  injected  into  the  occipital 
cortex  is  retrogradely  transported  to  thalamic  cell  bodies 
primarily  in  the  dorsal  LGN,  but  labeled  neurons  are 
present  in  the  ventral  LGN.  These  ventral  LGN  neurons 
would  be  at  risk  for  target  deprivation-induced  apoptosis 
in  this  model  system.  In  fact,  a  low  number  of  apoptotic 
cells  are  present  in  the  ipsilateral  ventral  LGN  (Table  1), 
but  this  experiment  was  not  powered  to  detect  a  differ¬ 
ence  in  apoptotic  cell  counts  between  the  ipsilateral  and 
contralateral  ventral  LGN.  Since  both  apoptotic  cell 
death  and  cleaved  caspase-3  were  observed  in  the  ventral 
LGN,  caspase-3  activation  is  not  an  epiphenomenon  of 
cortical  ablation. 

Thalamocortical  projection  neurons  in  the  ipsilateral  dorsal 
LGN  undergo  apoptosis  after  unilateral  occipital  cortex 
ablation 

Previous  studies  in  rat  and  mouse  have  shown  that 
unilateral  ablation  of  the  occipital  cortex  produces  retro¬ 
grade  degeneration  of  LGN  neurons,  resulting  in  cell  loss 
and  subsequent  atrophy  of  the  LGN  (Barron  et  al., 
1973;  Ross  and  Ebner,  1990;  Al-Abdulla  et  al.,  1998; 
Agarwala  and  Kalil,  1998).  We  have  demonstrated  that 
this  degeneration  is  apoptosis  in  the  10-day-old  mouse 
pup.  The  presence  of  TUNEL-positive  cells  only  in  the 
ipsilateral  LGN  after  right  occipital  ablation  indicates 
that  retrograde  neuronal  degeneration  occurs  in  a  local¬ 
ized  region.  Furthermore,  to  determine  if  the  focal  loca¬ 
tion  of  neuronal  death  is  related  to  geniculocortical 
connectivity  in  10-day-old  mouse  pup,  the  retrograde 


Fig.  5.  EM  demonstrating  prominent  apoptosis  in  the  LGN  after 
cortical  ablation  in  10-day-old  mouse.  (A)  At  18  h  postlesion, 
many  cells  in  the  LGN  show  early  structural  features  of  apoptosis, 
notably  darkening  of  the  cytoplasm  and  nascent  chromatin  con¬ 
densation  in  the  nucleus  (Nu).  (B)  At  24  h  postlesion,  LGN  neu¬ 
rons  show  unequivocal  ultrastructural  features  of  apoptosis, 
including  the  dark  condensed  cytoplasm  and  the  large  round 
masses  of  chromatin  within  the  nucleus.  (C)  At  36  h  postlcsion, 
debris  from  apoptotic  cells  (asterisk)  is  engulfed  by  macrophages/ 
microglia  (m).  Scale  bars  =  0.5  pm  (C);  I  pm  (A,  B). 
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Fig.  6  ( Caption  overleaf). 


tracer  FG  was  applied  to  the  occipital  cortex.  The  dis¬ 
tribution  of  thalamocortical  projection  neurons  identified 
by  the  retrograde  tracer  FG  was  localized  to  the  ipsilat- 
eral  dorsal  LGN,  consistent  with  the  localization  in  adult 
mice  (Martin  et  al.,  2001).  Similarly,  other  investigators 


have  demonstrated  that  injection  of  brain-derived  neuro¬ 
trophic  factor  into  the  occipital  cortex  of  adult  rats 
results  in  neuronal  labeling  of  the  dorsal  LGN 
(Sobreviela  et  al.,  1996;  Mufson  et  al.,  1999).  Retrograde 
transport  of  neurotrophic  factors  along  thalamocortical 
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Fig.  7.  Internucleosomal  pattern  of  genomic  DNA  fragmentation 
patterns  in  the  LGN  as  a  marker  of  early  cell  death.  Agarose  gel 
electrophoresis  of  genomic  DNA  from  LGN  obtained  at  0,  18, 
and  24  h  after  unilateral  occipital  ablation.  Internucleosomal  pat¬ 
tern  of  DNA  fragmentation  (arrows)  is  present  in  the  lesioned 
(Ipsi)  LGN  but  not  in  the  non-lesioned  (Contra)  LGN  of  10-day- 
old  mice. 

axons  may  provide  the  trophic  support  required  to  sus¬ 
tain  viability  degeneration  of  thalamic  neurons.  In  our 
injury  paradigm,  it  has  been  suggested  that  occipital 
ablation  reduces  trophic  support  to  the  dorsal  LGN, 
resulting  in  neurodegeneration.  The  anatomic  distribu¬ 
tion  of  FG-positive  neurons  in  the  dorsal  LGN  is  con¬ 
sistent  with  this  suggestion. 

Brain  maturity  alters  the  rate  of  apoptosis 

Our  group  has  previously  characterized  the  morphol¬ 
ogy  of  LGN  neuronal  degeneration  and  its  time  course 
in  the  adult  mouse  (Martin  et  al.,  2001).  In  adult  C57BL/ 
6  mice,  neuronal  apoptosis  after  occipital  cortex  ablation 
resulted  in  maximal  neuronal  loss  7  days  after  occipital 
cortex  ablation.  Although  more  rapid,  the  progression  of 
the  morphological  phenotype  of  axotomy-induced  apo¬ 
ptosis  in  the  10-day-old  mouse  brain  (Fig.  4)  was  similar 
to  the  pattern  described  in  the  mature  rodent  brain. 
Morphologically,  our  results  in  this  murine  model  con¬ 
firm  that  immature  neurons  die  following  injury  with 
apoptotic  morphology.  LaVelie  described  a  similar  age- 


dependent  rate  of  neurodegeneration  after  facial  nerve 
axotomy  in  hamsters  (LaValle  and  LaVelie,  1958),  but 
this  degeneration  was  not  identified  as  apoptotic.  Several 
explanations  for  this  age-dependent  rate  of  axotomy- 
induced  neurodegeneration  can  be  considered.  First,  the 
age-related  rate  of  progression  in  apoptosis  may  be 
determined  by  the  time  required  for  survival  of  signal 
loss  in  thalamic  neurons.  In  the  immature  brain,  the 
shorter  distances  and  briefer  time  to  loss  of  signal 
would  lead  to  earlier  cell  death.  Second,  immature  neu¬ 
rons  have  less  fully  developed  arborization  of  the  soma¬ 
todendritic  architecture  (Pamavelas  et  al.,  1977),  leading 
to  diminished  afferent-derived  support.  Third,  axonal 
collateralization  is  less  extensive  in  the  immature  brain 
(Fricke  and  Cowan,  1977),  leaving  an  immature  neuron 
with  fewer  sources  of  retrograde-derived  neurotrophic 
support  than  a  mature  neuron.  Fourth,  immature  neu¬ 
rons  may  express  different  complements  of  cell  adhesion 
molecules  than  mature  neurons,  and  thus  increasing  the 
likelihood  of  apoptosis  (Meridith  et  al.,  1993;  Frisch  and 
Francis,  1994;  Ruosiahti  and  Reed,  1994). 

Young  neurons  are  highly  dependent  on  neurotrophin 
support.  For  example,  as  neurons  mature  in  vitro  they 
become  much  less  acutely  dependent  on  nerve  growth 
factor  (Easton  et  al.,  1997).  In  this  regard,  it  may  also 
be  useful  to  recognize  the  neurodevelopmental  context 
within  which  injury  and  subsequent  apoptosis  occurs 
(Portera-Cailliau  et  al.,  1997;  Pohl  et  al.,  1999).  Pro¬ 
grammed  cell  death  is  a  cell  autonomous  elimination 
strategy  of  normal  nervous  system  development  and 
extends  into  the  postnatal  period  (Oppenheim,  1991). 
Thus,  there  may  be  fewer  intrinsic  ‘survival’  mechanisms 
or  less  evolved  compensatory  responses  to  injury  in  the 
immature  brain  where  many  neurons  are  redundant  and 
must  die. 

Retrograde  degeneration  contributes  to  neuronal  death 
after  TBJ 

Outcome  from  TBI  or  cortical  infarction  is  determined 
by  the  cell  death  produced  by  the  cortical  injury  itself, 
and  by  loss  of  neuronal  and  non-neuronal  cells  in  regions 
remote  to  the  areas  receiving  the  direct  impact  (Iizaka  et 
al.,  1990).  In  experimental  TBI,  controlled  cortical  con¬ 
tusion  and  fluid  percussion  injury  produce  both  necrotic 
and  apoptotic  cell  death  at  the  site  of  impact  (Rink  et  al., 
1995;  Yakovlev  et  al.,  1997;  Conti  et  al.,  1998; 


Fig.  6.  Cleaved  caspase-3  expression  in  the  LGN  after  occipital  cortex  ablation.  (A-E)  Cleaved  caspase-3  is  present  in  only  a 
few  scattered  cells  in  the  left  (contralateral)  dorsal  LGN  (dLGN)  and  ventral  LGN  (vLGN)  at  12,  18,  24,  36  and  72  h  after 
occipital  cortex  ablation  in  10-day-old  mouse  pups.  LV,  lateral  ventricle.  (F)  Similarly,  no  cells  expressing  cleaved  caspasc-3 
arc  identified  in  the  ipsilateral  LGN  at  12  h  postlesion.  (G)  However,  cleaved  caspase-3  is  present  in  cells  in  the  ipsiiatcra! 
(right)  dorsal  LGN  at  18  h  postlesion.  (H,  I)  By  24  h,  there  was  robust  cleaved  caspase-3  immunofluorescence  in  the  dorsal 
LGN  that  remained  through  36  h.  (J)  Cleaved  caspase-3  expression  was  undetectable  in  the  ipsilateral  LGN  by  72  h  after 
occipital  cortex  ablation.  (I,  inset)  Cleaved  caspasc-3  immunostaining  localized  to  both  the  cytoplasm  and  nucleus  in  LGN 
neurons.  (K,  L)  Cleaved  caspase-3  immunoreactivity  (brown  reaction  product)  localizes  to  the  cytoplasm  and  nucleus  of  ipsi¬ 
iatcra!  LGN  neurons  18  h  after  occipital  cortex  ablation.  (M,  N)  Cleaved  caspasc-3  immunoreactivity  (brown  reaction  prod¬ 
uct)  localizes  to  the  cytoplasm  and  cytoplasmic  fragments  (arrow)  of  LGN  cells  with  end-stage  apoptotic  phenotype  (Crcsyl 
Violet  staining)  at  36  h  after  occipital  cortex  ablation.  Contrast  adjusted  to  sharpen  digital  images  (K-N).  (P)  Immunoblot 
showing  detection  of  cleaved  caspase-3  as  a  single  band  at  20  kDa  in  human  T  lymphocyte  leukemia  whole  cell  lysates 
(HuT).  Scale  bars=  150  pm  (A-J);  15  pm  (1,  inset);  5  pm  (K,  L);  2  pm  (M,  N). 
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Newcomb  et  al.,  1999).  In  these  models,  neurodegenera¬ 
tion  after  TBI  is  not  limited  to  the  impact  site,  but 
extends  to  subcortical  regions  (Conti  et  al.,  1998; 
Newcomb  et  al.,  1999;  Bittigau  et  al.,  1999;  Pohl  et 
al.,  1999;  Clark  et  al.,  2000).  We  present  an  in  vivo 
model  of  cortical  damage  with  remote  thalamic  neuronal 
death  that  is  likely  to  be  very  similar  to  the  delayed  ap¬ 
optosis  resulting  from  cortical  trauma.  Our  study  indi¬ 
cates  that  this  remote  delayed  apoptosis  is  related  to 
target  deprivation. 

Methodological  considerations 

Our  model  has  several  important  advantages  for 
studying  the  mechanisms  of  neuronal  apoptosis.  First, 
it  is  an  in  vivo  model  that  produces  bona  fide  neuronal 
death  with  a  structure  of  apoptosis  that  evolves  reprodu- 
cibly  over  a  highly  synchronous  time  course  of  7  days  in 
adult  mice  (Martin  et  al.,  2001)  and  1-2  days  in  10-day- 
old  mice.  Second,  this  lesion  produces  remote  neurode¬ 
generation,  without  accompanying  secondary  brain 
responses.  These  responses,  including  seizures,  hyperther¬ 
mia,  alterations  in  cerebral  blood  flow,  or  ischemia,  and 
systemic  perturbations,  such  as  hypoxia  or  hypotension 
are  common  in  hypoxic-ischemic  or  brain  impact  para¬ 
digms  of  neurodegeneration.  Third,  based  on  thalamo¬ 
cortical  projections,  a  predictable  and  localized  area  of 
at-risk  neurons  can  be  identified  and  sampled  for  bio¬ 
chemical  and  molecular  analyses.  As  a  consequence, 
the  ‘dilutional  effect’  of  non-affected  neurons  is  decreased 
and  the  high  density  of  affected  neurons  increases  the 
probability  of  identifying  pathobiological  patterns  spe¬ 
cific  to  the  axotomized,  ‘at-risk’  neurons.  Thus,  the  iden¬ 
tification  of  a  relatively  narrow  window  for  cell  death 
makes  this  lesion  a  very  efficient  assay  system  for  the 
study  of  neuronal  apoptosis  in  vivo.  Finally,  this  study 
introduces  and  characterizes  a  new  in  vivo  model  of 
delayed  neurodegeneration  in  mouse  pups  that  permits 


long-term  recovery  without  significant  morbidity.  We 
make  this  statement  based  on  weight  gain  as  a  mean¬ 
ingful  surrogate  for  such  adverse  sequelae.  As  shown  in 
Fig.  1,  there  were  significant  but  trivial  differences  in 
weight  gain  observed  in  two  of  the  five  ages  when  com¬ 
paring  naive,  sham,  and  injured  animals.  In  fact,  naive 
mouse  pups  showed  significantly  less  weight  gain  than 
age-matched  brain  injured  pups  at  one  time  point, 
although  there  was  no  consistent  pattern  favoring  one 
group  over  the  other.  Taken  together,  these  results  pro¬ 
vide  evidence  that  there  was  not  significant  operative 
morbidity  in  recovered  animals. 

Acute  neurological  injury  caused  by  stroke,  birth 
asphyxia,  or  head  trauma  often  results  in  lifelong  impair¬ 
ment  of  physical,  cognitive,  and  psychosocial  functioning 
in  both  adults  and  children  (NIH  Consensus  Statement, 
1998).  Despite  its  public  health  importance,  pediatric 
brain  injury  remains  incompletely  understood,  in  part 
because  relevant  clinical  and  animal  studies  lag  behind 
those  for  adults.  Since  the  limited  availability  of  human 
tissue  precludes  comprehensive  mechanistic  analyses,  ani¬ 
mal  models  of  injury  and  the  sequelae  of  this  brain  dam¬ 
age  are  essential  tools.  We  describe  here  the  development 
and  characterization  of  a  reliable  in  vivo  model  of  corti¬ 
cal  injury-induced  thalamic  neuron  apoptosis  in  the 
developing  brain. 
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We  developed  a  method  to  measure  DNA  damage  in  single  motor  neurons  (MN).  A  cell  frac¬ 
tion  enriched  in  viable  a-motor  neurons  was  isolated  from  adult  rat  spinal  cord.  This  cell  prepa¬ 
ration  was  used  to  measure  the  vulnerability  of  the  MN  genome  to  different  reactive  oxygen 
species  (ROS).  MN  were  exposed  in  vitro  to  hydrogen  peroxide,  nitric  oxide  and  peroxynitrite. 
Specific  types  of  DNA  lesions  (e,g.,  abasic  sites,  single-strand  breaks,  and  double-strand  breaks) 
were  measured  using  single-cell  gel  electrophoresis  (comet  assay).  The  MN  genome  was  very 
susceptible  to  attack  by  ROS.  Different  ROS  induced  different  DNA  damage  profiles  in  MN. 
MN  were  also  isolated  from  adult  rats  with  sciatic  nerve  avulsions  to  show  that  DNA  damage 
emerges  early  during  their  degeneration  in  vivo.  This  study  demonstrates  that  the  comet  assay 
is  a  feasible  method  for  profiling  DNA  lesions  in  the  genome  of  single  MN.  Viable  mature  MN 
can  be  isolated  and  used  for  in  vitro  models  of  MN  genotoxicity  and  can  be  isolated  from  in 
vivo  models  of  MN  degeneration  for  profiling  DNA  damage  on  a  single-cell  basis. 


KEY  WORDS:  Amyotrophic  lateral  sclerosis;  apoptosis;  axotomy;  DNA  single-strand  breaks;  single-cell 
gel  electrophoresis. 


INTRODUCTION 

DNA  damage  has  been  implicated  in  the  mecha¬ 
nisms  of  aging  (1,2)  and  in  the  pathogenesis  of  many 
human  diseases,  including  cancer  and  neurological  dis¬ 
orders  ranging  from  stroke  to  amyotrophic  lateral  scle¬ 
rosis  (ALS),  Alzheimer’s  disease,  and  Parkinson’s 
disease  (3-6).  Endogenous  and  environmental  agents 
can  cause  DNA  damage  in  cells  (1,2).  Endogenous 
factors  are  reactive  oxygen  species  (ROS)  generated 
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by  cellular  metabolism,  temperature,  errors  in  DNA 
replication  and  repair,  high  level  of  glucose  and  other 
reducing  sugars,  and  methylation.  Intrinsically  gener¬ 
ated  DNA  lesions  occur  as  mismatched  base  pairs, 
base  structure  alterations  such  as  tautomeric  shifts  and 
deamination,  base  adducts  (e.g.,  hydroxylation),  and 
base  deletions  causing  apurinic/apyrimidinic  (AP)  sites 
(alkali-labile  sites),  single-strand  breaks  (SSB),  and 
double  strand-breaks  (DSB).  Metabolism-generated 
ROS  can  cause  —10,000  lesions/day  in  the  genome  of 
a  human  cell  (2),  and  purine  base  turnover  in  DNA, 
resulting  from  hydrolytic  depurination  and  subsequent 
repair,  is  —2000-10,000  bases/day  (1).  The  different 
forms  of  DNA  damage  can  be  converted  from  one 
form  to  another  type.  Hydroxyl  radical  attack  on  DNA 
induces  base  adducts  and  then  strand  breaks,  because 
AP  sites  are  converted  into  SSB  if  not  repaired  (2).  In 
addition  to  the  intrinsically-generated  lesions  to  DNA, 
dietary  mutagenic  chemicals,  ultraviolet  and  ionizing 
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radiation  such  as  X-rays  and  7-rays,  and  heavy  metals 
are  environmental  agents  that  damage  the  genome,  caus¬ 
ing  DNA  crosslinks,  adducts,  and  oxidative  cleavage  (2). 

The  pivotal  role  of  DNA  damage  in  human  patho- 
biology  underscores  the  essential  need  for  methods  to 
detect  and  measure  DNA  lesions  and  their  repair  in  spe¬ 
cific  populations  of  cells.  The  DNA  filter  elution  assay 
is  a  powerful  biochemical  method  for  the  determination 
of  DNA  strand  breaks,  AP  sites,  and  crosslinks  (7).  Nu¬ 
cleoside  adducts  can  be  measured  in  digests  of  DNA 
extracts  with  high  performance  liquid  chromatography. 
However,  these  methods  lack  cellular  resolution.  Pop¬ 
ular  methods  for  determining  DNA  damage  with  cel¬ 
lular  resolution  (e.g.,  flow  cytometry  and  terminal 
deoxynucleotidyl  transferase-mediated  3'  dUTP  nick 
end  labeling),  however,  lack  the  ability  to  distinguish 
specific  types  of  DNA  lesions.  We  were  interested  in 
developing  and  implementing  sensitive  and  quantita¬ 
tive  assays  for  profiling  specific  DNA  lesions  directly 
in  neurons,  specifically  motor  neurons  (MN),  because 
of  the  possible  role  of  DNA  damage  in  the  pathogene¬ 
sis  of  ALS  (4,5,8)  and  other  neurological  disorders. 
The  comet  assay,  also  known  as  single  cell  gel  elec¬ 
trophoresis  (SCGE),  has  been  used  to  identify  genomic 
DNA  damage  in  eukaryotic  cells  on  a  single  cell  basis 
(9-13).  The  types  of  DNA  lesions  detectable  by  comet 
assay  include  SSB,  alkali-labile  sites  (AP  sites)  and 
DSB.  We  envisioned  that  the  comet  assay  could  be 
used  to  profile  DNA  damage  directly  in  MN.  The  goals 
of  these  experiments  were  to  develop  a  new  method  to 
isolate  adult  MN,  and,  then  apply  the  comet  assay  to 
evaluate  the  vulnerability  of  the  MN  genome  to  ROS 
and  axonal  injury. 


EXPERIMENTAL  PROCEDURE 


Animals  and  Preparation  of  Spinal  Cord  Tissue  for  Isolation  of 
Mature  MN.  The  institutional  Animal  Care  and  Use  Committee  ap¬ 
proved  the  animal  protocols.  Adult  (2-3  months  old,  —150-200  g) 
male  Sprague-Dawley  rats  (Charles  River,  Wilmington.  MA)  were 
used  for  these  experiments.  To  prelabel  o-MN,  rats  (n  =  4)  were 
anesthetized  deeply  with  enflurane/oxygen/nitrous  oxide  (1:33:66), 
and  the  sciatic  nerve  was  exposed  unilaterally  and  transected  dis- 
tally.  Gelfoam  that  was  saturated  with  2.5%  4-6-diamidino-2- 
phenylindol  (DAPI)  was  applied  to  the  proximal  nerve  stump  for  I  h. 
The  animals  were  allowed  to  survive  for  48  h  before  they  were  killed. 
For  a  MN  degeneration  paradigm  a  unilateral  sciatic  nerve  avulsion 
was  used  to  induce  apoptosis  as  described  (14,15).  Lesioned  rats  (n  = 
2-4  per  time  point)  were  allowed  to  live  for  5,  7,  10,  14,  and  28  days 
after  the  injury. 

Spinal  cords  were  isolated  from  rats  after  deep  anesthetization 
and  then  decapitation.  Cervical  and  lumbar  enlargements  were  used 
from  naive  rats  without  experimental  manipulations.  Only  the  lum¬ 


bar  enlargement  (divided  into  ipsilateral  and  contralateral  sides)  was 
used  from  rats  exposed  to  DAPI  and  from  rats  with  sciatic  nerve 
avulsions.  After  removing  the  pia,  spinal  cord  enlargements  were 
dissected  segment-by-segment  under  a  surgical  microscope,  and  then 
the  segments  were  microdissected  into  columns  of  ventral  horn  gray 
matter  (Fig,  I)  without  appreciable  contamination  from  the  dorsal 
horn  and  the  surrounding  white  matter  funiculi.  Tissue  samples  were 
collected  and  rinsed  in  a  cell  culture  dish  on  ice  containing  dissec¬ 
tion  medium  (lx  CaJ+  and  Mg2+  free  Hanks  balanced  salt  solution, 
GibcoBRL,  Grand  Island,  NY,  supplemented  with  glucose  and  su¬ 
crose).  These  tissues  were  used  to  isolate  MN. 

Preparation  of  MN  Enriched  Cell  Suspensions.  Ventral  horn 
samples  were  digested  (20  min)  with  0.25%  trypsin-EDTA  (Gibco) 
in  a  tissue  culture  incubator  (5%  C02  and  95%  air,  at  37°C)  and  then 
triturated  gently  with  a  transfer  pipette  (Fig.  I).  The  tissue  digests 
were  transferred  to  a  5  ml-centrifugation  tube  on  ice,  and  the  re¬ 
maining  small  pieces  of  gray  matter  were  further  digested  in  trypsin- 
EDTA  (—15  min).  The  total  cell  suspension  was  then  subjected  to 
differential  low  speed  centrifugation  for  cell  sorting  (Fig.  I)  to  iso¬ 
late  a  spinal  MN-enriched  fraction.  Tissue  digests  were  centrifuged 
(Beckman  GPR  model  centrifuge)  at  200  rpm  (20g„„)  for  5  min  (4°C) 


Spinal  cord  segment 


Fig.  I.  Diagram  of  the  isolation  method  for  MN  from  adult  rat  spinal 
cord.  Under  a  surgical  microscope  ventral  hom  gray  matter  tissue 
columns  arc  microdissected  from  isolated  cervical/lumbar  spinal  cord 
segments  and  then  minced  and  trypsinized.  Tissue  digests  are  sub¬ 
jected  to  low  speed  differential  centrifugation  to  fractionate  the 
different  cell  types.  Ventral  horn  gray  matter  was  fractionated  into 
different  pellets  (black  components  at  tube  bottoms)  by  sequential 
centrifugation  of  supernatant  fractions  (gray  component  in  tubes). 
The  different  pellet  fractions  were  analyzed  microscopically  and 
were  found  to  contain  white  matter  and  blood  vessels  (PI),  MN  (P2), 
and  small  neurons  and  glia  (P3). 
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to  remove  white  matter  and  blood  vessels  (PI  fraction)  and  then  the 
supernatant  (SI  fraction)  was  collected  and  centrifuged  at  400  rpm 
(50  g„v)  to  yield  S2  and  P2  fractions.  The  supernatant  (S2)  was  again 
collected  and  centrifuged  at  800  rpm  (160  gav)  to  yield  S3  and  P3 
fractions.  After  each  spin  (for  5  min),  the  pellet  (Fig.  I)  was  resus¬ 
pended  in  100  pi  phosphate-buffered  saline  (PBS,  pH  7,4)  and  fixed 
with  4%  paraformaldehyde  (4°C  for  I  h)  for  immunophenotypic 
characterization  of  cell  types. 

Immunoplienotyping  Sorted  Cell  Suspensions.  The  cells  were 
gently  repelleted  after  fixation,  and  each  pellet  was  resuspended 
with  250  pi  PBS.  Aliquots  of  cell  suspension  (50  pi)  were  applied  to 
gelatin-coated  slides  as  a  cell  monolayer  and  air-dried.  The  cells  were 
permeabilized  (30  min)  in  1%  Triton  X-100  and  then  treated  (30  min) 
with  1%  bovine  serum  albumin.  The  celts  were  probed  (24  h  at  room 
temperature)  with  antibodies  to  neuronal  nucleus  protein  (NeuN, 
diluted  1 :20,  Chemicon  International  Inc.,  Temecula,  CA),  a  neuron- 
specific  marker,  choline  acetyltransferase  (ChAT,  diluted  1:5,  Roche 
Molecular  Biochemicals,  Indianapolis,  IN),  a  marker  for  MN  in  spinal 
cord  enlargements,  glial  fibrillary  acidic  protein  (GFAP,  diluted  1 :20, 
DAKO,  Denmark),  an  astroglial  marker,  and  CDIlb/c  IgG2a  (OX-42, 
diluted  1:20,  Harlan  Sera-Lab,  England),  a  microglial/macrophage 
marker.  Alexa  conjugated  anti-mouse  IgG  (diluted  1:100.  Molecular 
Probes,  Eugene,  OR)  was  used  to  visualize  NeuN,  ChAT  and  OX-42, 
and  Cascade  blue  conjugated  anti-rabbit  IgG  (diluted  1:100,  Molec¬ 
ular  Probes)  was  used  to  visualize  GFAP.  Preparation  of  cell  sus¬ 
pensions  from  rats  used  for  retrograde  tracing  of  MN  was  identical 
to  that  described  above. 

Neurons  that  were  marked  with  cell  type-specific  antibodies 
were  counted  to  identify  the  cell  fraction  that  was  enriched  in  MN. 
The  total  number  of  neurons  was  determined  by  counting  the  number 
of  NeuN  positive  cells  and  the  total  number  of  cells  identified  by  pro- 
pidiuin  iodide  staining  (a  general  nuclear  dye)  plus  NeuN  staining. 
The  percentage  of  ChAT  positive  cells  relative  to  NeuN  positive 
cells  was  used  to  determine  the  proportion  of  MN  in  the  cell  sus¬ 
pensions.  The  fraction  of  DAP1  positive  cells  (that  issued  sciatic  nerve 
axons)  relative  to  the  total  number  of  NeuN  positive  cells  was  used 
to  determine  the  proportion  of  a-MN.  The  numbers  of  labeled  cells 
from  6  different  microscopic  fields  (at  400X)  were  averaged  from 
each  case  and  then  a  total  mean  was  derived  from  the  preparations 
from  different  rats  (n  =  6). 

In  Vitro  Exposure  of  Spinal  MN  to  EOS  MN  were  isolated  from 
naive  rat  spinal  cord  and  were  exposed  to  different  ROS.  Treatments 
were  done  in  medium  containing  90%  Neurobasal-A  (Gibco),  5% 
horse  serum,  5%  fetal  bovine  serum  (both  sera  were  heat  inacti¬ 
vated)  and  I  X  glutamine  (Gibco)  in  a  tissue  culture  incubator  (con¬ 
taining  5%  C02  and  95%  air,  37°C).  Hydrogen  peroxide  (H203)  was 
used  at  a  concentration  of  I  mM.  Two  different  nitric  oxide  (NO) 
donors  were  used:  sodium  nitroprusside  (SNP,  Sigma,  St.  Louis,  MO) 
and  N-(2-aminoethyl)-N-(2-hydroxyl-nitrosohydrazino)-l,2-ethyl- 
enediamine  (spermine-NONOate,  OXIS,  International,  Portland,  OR). 
Spermine-NONOate  was  used  because  the  in  vitro  generation  of  NO 
is  slower  than  SNP  and  is  steady  state  (16).  Cells  were  exposed  to 
SNP  (10  and  100  pM)  or  spermine-NONOate  10  and  100  pM)  for 
15,  30,  60,  and  120  min.  MN  were  also  exposed  directly  to  peroxy- 
nitrite  (ONOO',  Alexis,  San  Diego,  CA)  at  concentrations  of  10  and 
100  pM  for  15,  30,  and  60  min.  ONOO  is  a  potent  and  relatively 
long-lived  ROS  formed  by  a  reaction  between  superoxide  and  NO 
(17).  For  controls,  samples  of  the  same  isolated  MN  were  incubated 
in  medium  for  the  same  time  in  the  absence  of  H202  or  SNP,  with 
spermine  telrahydrochloride/sodium  nitrite  (NO;  )  as  a  control  for 
NONOatc,  or  with  decomposed  ONOO  in  alkaline  solution.  After 
exposure,  the  cells  in  the  different  treatment  groups  were  collected 


into  5  ml  centrifuge  tubes  and  gently  repelleted  at  4“C  for  5  min.  Each 
cell  pellet  was  resuspended  and  analyzed  with  the  comet  assay. 

Comet  Assay.  The  comet  assay  was  used  to  profile  DNA  dam¬ 
age  in  MN  exposed  to  ROS  in  vitro  and  in  MN  from  ipsilateral  (le- 
sioned)  or  contralateral  (nonlesioned)  lumbar  spinal  cord  of  rats  with 
unilateral  sciatic  nerve  avulsions.  Cell  microgels  were  prepared  on 
slides  (Fig.  2).  The  method  for  the  comet  assay  on  MN  was  based 
mainly  on  the  original  protocol  for  experiments  on  lymphocytes  (10). 
Many  details  were  modified  in  the  procedure  for  our  application. 
The  procedures  for  comet  assay  were  done  under  low  light  to  mini¬ 
mize  environmentally  induced  DNA  damage.  The  cell  microgels 
were  prepared  as  layers.  The  first  layer  of  gel  was  made  by  applying 
200  p.1  of  regular  melting  point  agarose  (0.7%)  onto  superfrosted 
glass  microscope  slides  (3"  X  I”,  thickness  I  mm)  and  then  laying  a 
coverslip  gently  on  the  agarose.  The  agarose  was  allowed  to  solidify 
at  4°C,  and  the  coverslip  was  removed.  Low-melting  point  agarose 
was  prepared  in  100  mM  PBS  and  kept  at  37°C.  MN  were  mixed 
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Fig.  2.  Flow  diagram  of  the  method  to  profile  DNA  damage  in  MN 
at  the  single-cell  level  using  the  comet  assay.  Isolated  cells  are  cast 
into  microgels  by  mixing  cells  in  low  melting-point  agarose  and 
casting  the  gel  on  a  glass  microscope  slide.  The  cells  are  lysed  and 
the  slides  are  inserted  into  an  electrophoresis  unit  in  buffer  at  a 
specified  pH  for  DNA  unwinding.  Electrophoresis  of  DNA  is  then 
initiated  and  the  DNA  is  allowed  to  migrate  from  the  nucleus.  The 
microgels  are  stained  with  ethidium  bromide  for  DNA  detection  and 
comet  moment  analysis. 
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with  the  low  melting  point  agarose,  and  50  p.1  of  a  mixture  of  cell 
suspension  (containing  —4.4  X  I04  MN)  in  low-melting  point  agarose 
was  applied  to  the  first  gel  layer.  The  slides  were  then  coverstipped 
and  placed  at  4°C  for  solidification  of  the  cell  suspension-agarose 
mixture.  After  the  second  layer  solidified,  the  coverslips  were  re¬ 
moved  and  100  p.1  of  low-melting  point  agarose  was  added  on  top 
of  the  cell  layer.  The  gels  were  recoverslipped,  and  the  slides  were 
placed  on  ice  for  gel  solidification. 

Coverslips  were  removed  from  the  slides  and  the  cell  micro¬ 
gels  were  covered  with  lysis  buffer  (pH  10)  containing  2.5  M  NaCI, 
100  mM  EDTA,  1%  sodium  lauryl  sarcosine,  10  mM  Tris,  and 
1%  Triton  X-100.  The  cell  microgels  were  lysed  for  30  min  (at  room 
temperature).  After  draining,  microgels  were  treated  with  DNA- 
unwinding  solution  (300  mM  NaOH,  I  mM  EDTA,  at  pH  12  unless 
indicated  otherwise)  for  30  min  (room  temperature).  The  effects  of 
DNA  unwinding  solution/electrophoresis  buffer  pH  on  comet  pro¬ 
files  were  also  evaluated  at  pH  13  and  pH  7.4.  Loss  of  a  purine  or 
pyrimidine  base  from  the  DNA  sugar-phosphate  backbone  facilitates 
an  alkali-catalyzed  (3-elimination  of  the  3'-phosphate  (7).  At  pH  a 
13,  these  alkali-labile  sites  are  converted  to  SSB  (7).  DNA-SSB  are 
detected  at  pH  12,  while  DNA-DSB  are  detected  at  more  neutral 
conditions  (7).  The  microgels  were  then  placed  directly  into  a  hori¬ 
zontal  gel  electrophoresis  chamber  filled  with  DNA-unwinding 
solution.  Gels  were  run  with  constant  current  (300  mA  at  room  tem¬ 
perature)  for  generally  20  min.  After  electrophoresis,  the  microgels 
were  neutralized  with  50  mM  Tris-HCl  (pH  7.5)  for  15  min  (twice). 
DNA  was  visualized  with  ethidium  bromide  staining  (20  p.g/ml, 
20  min  at  room  temperature)  after  which  the  microgels  were  washed 
and  coverslipped.  Comet  evaluation  and  image  acquisition  were  per¬ 
formed  using  a  Zeiss  Axiophot  microscope. 

Cornel  Counting  and  Measurement  of  ON  A  Damage.  The  comet 
profiles  (Fig.  3)  were  analyzed  by  counting  the  number  of  MN  with 
comets  and  by  directly  measuring  the  DNA  damage  in  these  comets. 
The  number  of  cells  with  comets  was  counted  in  microgels  prepared 
from  MN  exposed  to  ROS  in  vitro  and  from  MN  isolated  from  in 
vivo  axotomy  experiments.  The  number  of  comets  and  large  intact 
cell  nuclei  regarded  as  MN  stained  by  ethidium  bromide  were  counted 
in  6  microscopic  views  at  200X  from  microgels  of  ROS  treated  cells 
and  from  sciatic  nerve  avulsion  animals.  The  percentages  of  comets 
relative  to  the  total  number  of  cells  (total  number  of  comets  and  total 
number  of  intact  cell  nuclei)  were  determined  and  group  means  were 
calculated.  The  data  were  analyzed  using  a  Student’s  t  test. 

The  extent  of  DNA  damage  was  determined  by  measuring  the 
displacement  of  DNA  between  the  cell  nucleus  (i.e.,  the  comet  head) 
and  the  tail  (Fig.  3).  This  measurement  is  designated  as  the  comet 
moment.  The  comet  moment  is  believed  to  be  the  best  index  of  DNA 
damage  in  cells  (10,18).  Cells  with  more  DNA  damage  (Fig.  3,  com¬ 
pare  3A  to  3B)  show  an  increased  migration  of  DNA  in  the  direc¬ 
tion  of  electrophoresis  (9,10).  DNA  density  and  comet  moments  for 
individual  MN  were  measured  using  the  fluorescence  intensity  of 
ethidium  bromide-stained  DNA  (Fig.  3).  Randomly  selected  comets 
(—10-30  comets  in  each  treatment  group)  were  captured  as  digital 
images  using  Inquiry  software  (Loats  Associates,  Westminster, 
MD).  Comets  were  saved  in  TIFF  format.  Each  comet  was  used  to 
obtain  several  measurements  by  delineating  the  head  and  tail.  DNA 
intensity,,^,  DNA  intensity, aM,  areahcad,  and  area,,,,  were  measured. 
Tail  length  was  measured  from  the  center  of  the  head  to  the  end  of 
the  tail.  Relative  DNA  content  is  reflected  by  the  average-integrated 
intensity  of  fluorescence.  The  amount  of  DNA  damage  for  each  cell 
was  derived  from  the  calculation  of  the  comet  moment  using  (he 
equation  DNA  intensity,,,!  X  area,,,!  (19,20).  The  data  were  analyzed 
using  a  Student’s  t  lest. 
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Fig.  3  Detection  of  DNA  damage  in  MN  with  the  comet  assay. 
Digital  images  of  MN  comets  (the  tail  and  the  head  comprise  the 
comet)  in  microgels  after  SCGE.  Ethidium  bromide  staining  of  DNA 
is  in  pseudocolor  (color  scale  is  shown  at  upper  right).  Each  color 
indicates  a  different  DNA  level,  with  black  indicating  highest  DNA 
intensity  (background  color  has  the  intensity  ofO).  Cells  with  DNA 
damage  present  as  comets  with  tails  formed  by  migrating  DNA  from 
the  head  (nucleus).  The  images  have  very  distinct  head  and  tail 
profiles.  The  upper  comet  profile  (A)  has  a  large  head  and  a  very 
short  tail,  while  the  lower  comet  profile  (B)  has  a  smaller  head  and 
a  long  tail. 

RESULTS 

Isolation  of  MN  from  Adult  Spinal  Cord.  MN  were 
isolated  by  discrete  microdissection  of  ventral  horn 
gray  matter  columns  followed  by  trypsin  digestion  and 
differential  low-speed  centrifugation  to  fractionate  ven¬ 
tral  horn  cell  types  (Fig.  1).  Nissl  staining  (Fig.  4A) 
and  NeuN  immunofluorescence  (Fig.  4B,  C)  revealed 
that  the  400  rpm  fraction  (P2  fraction)  was  enriched  in 
large  neurons.  MN  enrichment  was  verified  by  im- 
munofluoresence  for  ChAT  (Fig.  4D-F)  and  prelabel¬ 
ing  axonal  projections  in  the  sciatic  nerve  (Fig.  4G). 
Neurons  comprised  ~84%  of  the  total  cell  number 
(NeuN-positive  cells/total  cells  stained  with  propid- 
ium  iodide)  in  the  400  rpm  fraction  of  digests  of  ven¬ 
tral  horn  enlargements.  Of  these  neurons,  —86%  were 
MN  (ChAT-positive  cells/NeuN-labeled  cells),  and  of 
these  MN,  —72%  were  a-MN  giving  rise  to  sciatic 
nerve  axons.  The  total  number  of  MN  that  were  iso¬ 
lated  from  combined  cervical  and  lumbar  enlarge¬ 
ments  was  calculated  to  be  4.0  X  106  ±  0.22  X  106. 
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Fig.  4.  Characterization  of  the  MN  enriched  cell  suspension  isolated  from  adult  rat  spinal  cord  ventral  horn.  A.  Cresyl  violet  staining  of  MN 
isolates  in  P2  fraction.  The  cells  loose  their  multipolar  morphology  and  appear  as  large  round  or  ovoid  nucleated  cells.  B  and  C. 
Immunocytochemical  labeling  for  NcuN  (green)  shows  that  most  of  the  cells  in  the  400  rpm  preparation  (P2  fraction)  are  neurons.  The  green 
immunofluorescence  is  localized  in  neuronal  nuclei  (C).  D.  Popidium  iodide  nuclear  staining  (red)  of  cells  shows  the  cell  density  in  the  400  rpm 
cell  suspension  (P2  fraction).  E.  Same  microscopic  field  as  that  shown  in  D  but  viewing  ChAT  immunofluorescence.  Most  of  the  cells  are 
ChAT-positive  (green  labeling).  F.  High  magnification  double  exposure  of  popidium  iodide  and  ChAT  staining  to  show  the  perikaryal  labeling 
for  ChAT  (green).  G.  Prelabeling  lumbar  MN  with  retrograde  tracer  DAP!  (blue)  shows  that  n-MN  with  sciatic  nerve  axons  sort  into  the 
400  rpm  cell  suspension  (P2  fraction).  H  and  I.  Popidium  iodide  nuclear  staining  (H.  red)  of  cells  showing  the  cell  density  in  the  microscopic 
field  compared  to  the  same  microscopic  field  viewing  GFAP  immunofluorescence  (I,  blue).  GFAP-positive  astroglial  processes  (blue  staining) 
are  observed  in  the  400  rpm  cell  suspension.  Some  astroglial  processes  are  attached  to  large  neurons  (red  in  E).  Scale  bars:  A,  50  pm;  B, 
480  pm;  C,  100  pm;  D  (same  for  E,  G,  H,  I),  192  pm;  F,  40pm. 

GFAP-positive  cell  bodies  were  present  occasionally 
in  this  fraction,  although  many  fragments  of  astroglial 
processes  were  observed,  some  of  which  enveloped 
large  cells  (Fig.  4H,  I).  Microglial  cells  were  rarely 
present  in  this  fraction  (not  shown). 

The  viability  of  isolated  MN  was  determined  by 
trypan  blue  assay  (Fig.  5).  Freshly  isolated  MN  com¬ 
pletely  excluded  trypan  blue.  In  Neurobasal-A  medium, 

74%  and  61%  of  MN  were  viable  at  6  and  12  hours  in 
vitro  (HIV),  respectively.  At  H1V24,  37%  of  the  MN 
were  still  viable. 


DNA  Damage  Profiling  in  MN  Exposed  to  ROS 

DNA  damage  was  profiled  in  individual  MN  ex¬ 
posed  in  vitro  to  H202,  NO  donor,  and  ONOO~  using  the 
comet  assay.  Control  cells  were  exposed  to  vehicle  and 


were  incubated  in  medium  for  the  same  time  in  vitro. 
Comets  were  observed  with  each  treatment.  Figure  6 
shows  the  common  patterns  of  comets  after  different 
treatments.  These  assays  were  done  at  pH  12  (hydrogen 
bonds  in  DNA  destabilize  causing  strand  separation  at 
this  pH).  Each  treatment  gave  consistent  results,  with 
the  major  comet  pattern  generated  from  each  exposure 
being  highly  reproducible  (Fig.  6). 

The  background  DNA  damage  was  very  low  in 
control  cell  preparations,  The  vast  majority  of  cells  in 
microgels  of  control  cells  (time-matched  for  cells  ex¬ 
posed  to  ROS)  had  intact  genomic  DNA  (Fig.  6A-C). 
MN  with  intact  DNA  had  a  nucleus  that  was  stained 
evenly  with  ethidium  bromide  and  was  smooth  and 
round  without  a  tail  (Fig.  6A-C),  demonstrating  no  elu¬ 
tion  of  genomic  DNA  and  indicating  no  DNA  damage. 
Relatively  few  of  the  control  cells  displayed  comets  at 
15  min  (Fig.  6A),  30  min  (Fig.  6B),  60  min,  120  min 
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Fig.  5.  Viability  of  adult  MN  after  isolation  and  incubation  for  up  to 
24  hours  in  vitro  (HIV).  The  number  of  viable  cells  and  the  total 
number  of  cells  (viable  cells  plus  trypan  blue-stained  cells)  were 
counted  in  a  hemocytometer  under  phase  contrast  microscopy. 
Asterisk  denotes  significant  difference  (p  <  0.05)  compared  to  the 
earlier  time  point. 

(Fig.  6C),  and  up  to  240  min  of  incubation.  Quantita¬ 
tive  analysis  of  control  MN  suspensions  incubated  in 
Neurobasal-A  medium  with  or  without  vehicle  showed 
that  the  %  comets  was  ~10%  or  lower  (Figs.  6A-C, 
7 A,  8A,  9A)  during  an  incubation  period  of  120  min. 
At  15  min,  ~4%  of  total  number  of  control  cells  had 
comets  (Fig.  6A,  7A).  This  background  level  increased 
to  ~10%  between  15  min  to  30  min  in  vitro  and  then 
remained  stable  through  120  min  (Figs.  7A).  The  mean 
comet  moment  in  control  cells  was  1.4  X  10s  (Fig.  8B). 
To  determine  the  reproducibility  of  MN  cell  capture 
after  in  vitro  incubation  and  microgel  preparation,  cells 
were  counted  in  microgels.  Microgel  cell  number  re¬ 
mained  constant  (Fig.  7B). 

ROS  caused  DNA  damage  in  MN.  NO  donors  and 
ONOO"  increased  significantly  the  comet  number  com¬ 
pared  to  time-matched  controls  (Figs.  6D-H,  8A,  9). 
More  DNA-SSB  comets  were  observed  with  SNP  com¬ 
pared  to  NONOate  and  ONOO"  (Fig.  8A).  Surpris¬ 
ingly,  cells  treated  with  1  mM  H202  had  fewer  comets 
compared  to  control  (Fig.  8A,  H202  vs  control- 1).  The 
moments  of  MN  comet  profiles  induced  by  SNP, 
NONOate,  ONOO",  and  H202  were  dramatically  higher 
than  control  comet  moments  (Fig.  8B).  This  difference 
in  the  formation  of  DNA-SSB  was  also  reflected  by  dif¬ 
ferences  in  comet  tail  length  (Fig.  8C)  and  the  elution  of 
DNA  from  the  head  to  the  tail  (Fig.  8D).  Comet  tail 
length  was  generally  highest  with  ONOO"  exposure. 
Microgel  cell  number  in  ROS  treated  MN  was  similar  to 
time-matched  vehicle  controls  (not  shown). 

The  comet  morphologies  in  control  and  ROS 
treated  MN  were  different  (Fig.  6).  Exposure  to  NO 
donors  and  ONOO"  generated  consistent  comet  pro¬ 
files  depending  on  exposure  concentration  and  dura¬ 
tion.  Generally,  with  exposure  to  10  p.M  SNP  or 


NONOate  for  15  min,  30  min  and  60  min,  the  comet 
head  had  a  bright  coma  composed  of  large  granules, 
with  a  short  granular  tail  (Fig.  6D,  F).  With  100  p,M  or 
higher  doses,  or  with  10  p,M  for  more  than  lh  expo¬ 
sure,  the  coma  of  the  head  became  less  prominent  and 
the  tail  length  was  increased  (Fig.  6E,  G).  ONOO"  pro¬ 
duced  a  distinct  comet  profile  in  MN.  ONOO"  induced 
comets  had  long  tails  with  a  paddle-like  shape  and  a 
head  that  was  small  and  ambiguous  or  undetectable 
(Fig.  6H). 

The  formation  of  different  types  of  genomic  DNA 
lesions  induced  in  MN  by  NO  donor  and  ONOO"  was 
profiled  by  varying  pH  conditions  in  the  comet  assay 
(Fig.  9).  The  use  of  different  pH  conditions  during 
SCGE  is  a  validated  approach  for  discriminating  AP 
sites  and  strand  breaks  (13).  A  pH  of  13,  12,  and  7.4 
was  used  to  detect  alkali-labile  AP  sites,  SSB,  and  DSB, 
respectively.  MN  accumulated  DNA-SSB  (pH  12)  with 
exposure  to  the  NO  donor  NONOate  (Fig.  9A).  AP 
sites  (pH  13)  did  not  accumulate  significantly  (Fig.  9A). 
The  presence  of  DNA-SSB  in  MN  was  dynamic.  DNA- 
SSB  accumulated  rapidly  in  MN,  occurring  within 
30  min  exposure  and  then  increased  further  over  the 
subsequent  30  min,  with  —60%  of  the  cells  revealing 
the  presence  of  DNA  damage  at  60  min  exposure  to 
100  p.M  NONOate  (Fig.  9A).  In  contrast,  ONOO"  rap¬ 
idly  induced  the  formation  of  alkali-labile  sites  within 
15  min  followed  by  an  accumulation  of  DNA-SSB  as 
alkali-labile  sites  dissipated  Fig.  (Fig.  9B).  Moreover, 
ONOO"  potently  induced  DNA-DSB  (pH  7.4)  quickly 
(within  15  min)  in  MN  (Fig.  9C). 


DNA  Damage  Profiling  in  MN  Injured  in  Vivo 

To  track  DNA  damage  in  cells  degenerating  in 
vivo,  the  comet  assay  was  used  on  lumbar  MN  isolated 
from  rats  with  unilateral  sciatic  nerve  avulsions.  This 
lesion  induces  MN  apoptosis  over  a  period  of  10  days 
(14,15).  Nonlesioned  control  MN  from  the  contralat¬ 
eral  side  of  lumbar  spinal  cord  rarely  displayed  comets 
throughout  the  entire  time  course  (Figs.  61,  10A).  The 
infrequent  comets  that  were  observed  in  MN  from  the 
nonlesioned  side  of  lumbar  spinal  cord  had  very  low 
comet  moments  (Fig.  10B).  In  contrast,  at  5  days  after 
sciatic  nerve  avulsion,  the  comet  assay  revealed  DNA- 
SSB  in  —26%  of  ipsilateral  MN  (Fig.  1 0A),  with  comet 
profiles  having  a  relatively  normal  sized  head  and  a 
very  short  tail  (Fig.  6J).  At  5  days,  the  comet  moments 
were  low  in  lesioned  MN  but  were  nevertheless  sig¬ 
nificantly  greater  than  comet  moments  in  contralateral 
MN  (Fig.  10B).  At  7  days  after  sciatic  nerve  avulsion, 
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Fig.  6.  Akaline  (pH  12)  comet  assay  on  isolated  MN  after  exposure  to  ROS  in  vitro  or  axotomy  in  vivo.  A.  Appearance  of  normal  cells  and 
comets  in  the  microgcls  from  control  sample.  The  400  rpm  (P2  fraction)  cell  preparation  was  incubated  for  15  min  in  Neurobasal  A  medium. 
Microgels  were  stained  with  ethidium  bromide  (red).  The  majority  of  nuclei  are  normal  without  tails,  revealing  very  little  detectable  DNA 
damage  in  the  form  of  SSB.  Only  three  background  comets  are  seen  in  this  image.  B.  Control  MN  incubated  with  spermine 
tetrahydrochloridc/sodium  nitrite  (control  for  NONOate)  for  60  min  displayed  very  few  comets  (only  one  comet  is  seen  in  this  image).  The 
cells  shown  in  panel  B  are  at  a  higher  magnification  than  the  cells  shown  in  panel  A.  C.  Control  MN  incubated  in  vehicle  for  120  min  also 
displayed  very  few  comets  (only  two  comets  are  seen  in  this  image).  D.  Comets  in  MN  exposed  to  10  pM  SNP  for  15  min.  The  comet  number 
is  increased  compared  to  control.  The  comets  have  a  head  with  a  prominent  coma  and  a  broad  short  tail.  E.  Comets  in  MN  exposed  to  10  pM 
NONOate  for  60  min.  The  comets  have  prominent  tails.  F.  High  magnification  of  MN  comets  induced  by  10  pM  SNP  for  30  min.  These  comets 
have  distinct  signatures  consisting  of  a  prominent  coma  and  a  broad  tail.  The  comet  profiles  are  very  uniform.  G.  High  magnification  of  MN 
comets  induced  by  10  pM  NONOate  for  30  min.  The  tails  are  not  as  broad  as  those  seen  with  10  pM  SNP  for  30  min.  H.  MN  exposed  to 
ONOO'  for  30  min  display  a  distinct  signature.  Some  comets  have  ambiguous  granular  heads  and  long  granular  paddle-shaped  tails.  I.  MN 
isolated  from  the  lumbar  spinal  cord  contralateral  to  the  side  of  the  sciatic  nerve  avulsion  usually  had  very  little  detectable  DNA  damage.  In 
this  image  of  contralateral  MN  at  7  days  postlesion,  no  comets  are  seen.  J.  At  5  days  after  sciatic  nerve  avulsion,  MN  have  early  DNA  damage 
in  the  form  of  SSB.  These  comets  had  very  short  tails,  indicating  a  few  genomic  DNA-SSB.  K..  At  7  days  after  the  lesion,  MN  comets  have 
prominent  comas  (halos)  and  longer  tails  compared  to  5-day  comets,  demonstrating  that  DNA-SSB  accumulate  progressively.  L.  At  10  days 
after  sciatic  nerve  avulsion,  the  comets  are  conspicuous  and  have  extremely  long  tails  with  large  scattered  granules,  further  indicating  a  slowly 
evolving  and  accumulating  level  of  DNA-SSB  in  MN.  Scale  bar  (shown  in  A):  500  pm  for  A,  D,  E;  200  pm  for  B,  C,  F,  G,  H;  400  pm  for  1; 
160  pm  for  J,  K,  L. 


the  number  of  MN  comets  was  increased  significantly 
(Fig.  I0A).  The  comet  head  was  expanded  with  a  bril¬ 
liant  coma  and  a  tail  that  was  longer  (Fig.  6K)  com¬ 
pared  to  comets  seen  in  lesioned  MN  at  5  days.  The 


moment  of  7-day  comets  was  significantly  greater  than 
contralateral  MN  comets  and  was  increased  signifi¬ 
cantly  compared  to  lesioned  MN  at  5  days  (Fig.  10B). 
At  10  days  after  sciatic  nerve  avulsion,  the  comet 
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Fig.  7.  Time  course  analysis  of  %  comets  and  cell  number  in 
nontreated  control  MN.  A.  Comet  number  in  cells  incubated  in 
Neurobasal-A  for  15,  30,  60,  and  120  min  to  determine  the  level  of 
background  comets  (at  pH  12).  Values  are  mean  ±  standard  deviation. 
The  %  background  comets  became  stable  between  15-30  min 
(*  indicates  significant  difference  from  15  min,  p  <  0.05).  B.  MN 
number  in  microgels  of  cells  incubated  in  Neurobasal-A  for  15,  30, 
60,  and  120  min.  The  number  of  ethidium  bromide-stained,  large 
intact  cell  nuclei  regarded  as  MN  were  counted  in  6  microscopic 
views  of  the  microgels  at  200  X.  Cell  number  did  not  change. 


- ► 

B.  Comet  moment  (means  ±  standard  deviation)  after  30  min  exposure 
to  1  mM  H202,  10  pM  SNP,  10  pM  NONOate,  or  10  pM  ONOO". 
Comet  moments  in  control  groups  were  not  significantly  different; 
therefore,  an  average  control  value  is  presented.  Single  asterisk 
denotes  significant  difference  (p  <  0.05)  from  control.  Double 
asterisk  denotes  significant  difference  (p  <  0.05)  from  control  and 
other  treatment  groups.  C.  Comet  tail  length  (mean  ±  standard 
deviation)  after  30  min  exposure  to  1  mM  H202,  10  pM  SNP,  10  pM 
NONOate,  or  10  pM  ONOO".  Comet  tail  lengths  in  control  groups 
were  not  significantly  different;  therefore,  an  average  control  value 
is  presented.  Single  asterisk  denotes  significant  difference  (p  < 
0.05)  from  control.  Double  asterisk  denotes  significant  difference 
(p  <  0,01)  from  control  and  other  treatment  groups.  D,  Ratio  of 
DNA  area  in  comet  tail  and  head  (mean  ±  standard  deviation)  after 
30  min  exposure  to  I  mM  H202,  10  pM  SNP.  10  pM  NONOate.  or 
10  pM  ONOO'  .  Single  asterisk  denotes  significant  difference  (p  < 
0.05)  from  control.  Double  asterisk  denotes  significant  difference 
(p  <  0.01)  from  control  and  other  treatment  groups. 
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Fig.  8.  DNA  damage  profiling  in  MN  exposed  to  ROS  in  vitro. 
A.  Comet  number  after  30  min  exposure  to  I  mM  H202,  10  pM  SNP, 
10  pM  NONOate,  or  10  pM  ONOO".  Control  groups  are  cells  in 
medium  alone  (control- 1  for  H202  and  SNP),  spermine/N02  (control-2 
for  NONOate),  and  decomposed  alkaline  ONOO"  (control-3).  Values 
are  mean  ±  standard  deviation.  Single  asterisk  denotes  significant 
difference  (p  <  0.05)  from  corresponding  control.  Double  asterisk 
denotes  significant  difference  from  corresponding  control  and 
H202  (p  <  0.01)  and  from  NONOate  and  ONOO"(p  <  0.05). 
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Fig.  9.  DNA  lesion-specific  profiling  in  MN  exposed  to  ROS  in 
vitro  by  SCGE.  Different  pH  conditions  for  the  comet  assay  were 
used  to  distinguish  alkali-labile  sites/SSB  (at  pH  l3),SSB(atpH  12). 
and  DSB  (at  pH  7.4).  A.  Comet  number  after  exposure  to  10  pM 
NONOate  (NO)  for  30,  60,  and  120  min.  SCGE  was  done  at  pH  12 
or  13.  Values  are  mean  ±  standard  deviation.  Single  asterisk  denotes 
significant  difference  (p  <  0.05)  from  control.  Double  asterisk  denotes 
significant  difference  from  control  (p  <  0.01)  and  other  treatment 
groups  (p  <  0.05).  No  significant  increases  in  %  comets  were 
observed  in  control  groups  with  increased  incubation  time  at  both 
pH  12  and  pH  13.  The  number  of  MN  with  SSB  after  NONOate 
exposure  was  significantly  higher  than  the  comet  number  in  time 
matched  control  MN  at  each  time  examined.  At  60  and  120  min,  the 
number  of  MN  with  SSB  (pH  12)  was  significantly  higher  (p  <  0.05) 
than  the  number  of  MN  with  alkali-labile  sites/SSB  (pH  13).  The 
number  of  comets  at  pH  13  (alkali-labile  sites/SSB)  was  not  different 
from  controls  and  the  number  did  not  change  with  increased  exposure 
time.  B.  Histogram  of  %  comets  induced  by  exposure  to  10  pM 


number  was  lower  compared  to  7  days  (23%  vs  36;  pc). 
However,  the  existing  10-day  comets  had  spectacular 
heads  with  large  loose  comas  and  very  long  granular 
tails  (Fig.  6L)  with  very  high  comet  moments  (Fig.  10B). 
Comets  were  observed  rarely  in  MN  from  ipsilateral  lum¬ 
bar  ventral  horns  at  14  and  28  days  after  sciatic  nerve 
avulsion. 


DISCUSSION 

DNA  damage  has  been  implicated  in  the  mecha¬ 
nisms  of  cellular  aging  and  disease.  A  major  neuro¬ 
logical  disease  that  appears  to  involve  DNA  damage  in 
its  pathogenesis  is  ALS  (4,5,8).  8-hydroxy-2-deoxy- 
gaunosine  (OHdG)  adducts  are  elevated  in  postmortem 
CNS  tissue  extracts  from  individuals  with  ALS  (21,22). 
Direct  evidence  for  OHdG-DNA  lesions  specifically  in 
MN  of  individuals  with  ALS  has  been  found  recently 
(5).  Indirect  evidence  for  DNA  damage  in  ALS  is  also 
available.  The  protein  levels  and  enzyme  activity  of 
apurinic/apyrimidinic  enodnuclease,  an  enzyme  that 
functions  in  the  DNA  base-excision  repair  pathway, 
are  elevated  selectively  in  MN  regions  in  ALS  (6). 
Furthermore,  p53  is  activated  in  MN  regions  in  indi¬ 
viduals  with  ALS  (4).  The  involvement  of  DNA  dam¬ 
age  as  an  upstream  stimulus  for  MN  degeneration  has 
been  shown  in  animal  and  cell  culture  models.  OHdG 
lesions  and  DNA-SSB  accumulate  in  MN  during  p53- 
dependent  apoptosis  in  rat  and  mouse  (14,15).  In  mouse 
cortical  neuron  cultures  the  DNA  topoisomerase  in¬ 
hibitor  camptothecin  is  a  potent  inducer  of  apoptosis 
(23,24),  presumably  by  inducing  the  formation  of  DNA- 
SSB  (25).  DNA  damage  may  therefore  be  pivotal  in 
the  pathogenesis  of  lower  and  upper  MN  degeneration 
in  ALS. 


ONOO  or  vehicle  (control).  SCGE  was  done  at  pH  12  and  13.  The 
comet  number  in  MN  exposed  to  ONOO"  for  15  min  was  prominent 
at  pH  13  (*,  p  <  0.05  compared  to  the  time  and  pH  matched  controls 
cells),  but  comet  number  decreased  relative  to  15  min  exposure  with 
increased  exposure  time.  The  number  of  comets  in  identical  samples 
at  pH  12  increased  significantly  as  exposure  time  increased  (*,  p  < 
0.05  compared  to  control  cells  at  pH  12).  At  60  min  exposure  to 
ONOO  number  of  comets  detected  at  pH  12  (cells  with  SSB)  was 
significantly  more  (p  <  0.05)  than  the  number  of  cornets  detected  at 
pH  13  (cells  with  alkali-labile  sites/SSB).  C.  Histogram  of%  comets 
induced  by  exposure  to  100  pM  ONOO"  or  vehicle  (control).  SCGE 
was  done  at  pH  12  and  7.4.  ONOO"  induced  prominent  DNA-DSB 
(pH  7.4)  with  15  min  exposure  and  longer  time  (**,  p  <  0.01  as 
compared  to  time  and  pH  matched  control  cells  and  p  <  0.05 
compared  to  pH  12  cells).  In  contrast,  MN  with  DNA-SSB  (pH  12) 
were  not  as  numerous  as  MN  with  DSB,  although  the  number  of 
cells  with  SSB  was  still  significantly  higher  than  time  matched 
control  cells  (*,  p  <  0.05). 
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Fig.  10.  DNA  damage  profiling  (pH  12  for  SSB)  in  MN  injured  in 
vivo  by  sciatic  nerve  avulsion.  A.  Percent  comets  in  lumbar  MN 
from  the  lesioned  side  of  spinal  cord.  Values  are  mean  *  standard 
deviation.  The  percentage  of  comets  (relative  to  total  number  of 
large  cells  in  the  microgels)  was  significantly  higher  at  5  days  (*,  p  < 
0.05),  7  days  (**,  p  <  0.01),  and  10  days  (*,  p  <  0.05)  postlesion 
compared  to  control  contralateral  side  (comets  were  rarely  detected). 
Comet  number  was  significantly  higher  (p  <  0.05)  at  7  days  compared 
to  5  and  10  days.  Comets  were  rarely  seen  in  the  400  rpm  fraction 
(P2  fraction)  at  14  and  28  days.  B.  Injured  MN  showed  a  progressive 
increase  in  comet  moment,  indicating  a  progressive  accumulation  of 
DNA-SSB.  Values  are  mean  ±  standard  deviation.  In  the  rare  comets 
found  in  nonlesioned  contralateral  (Con)  MN  at  5,  7,  and  10  days 
postlesion,  the  comet  moments  were  low.  Comet  moments  in 
ipsilateral  (ipsi)  lesioned  MN  at  5,  7,  and  10  days  postlesion  were 
significantly  greater  than  their  corresponding  contralateral  controls 
(asterisks,  p  <  0.05  for  5  days,  p  <  0.01  for  7  days,  p  <  0.001  for 
10  days).  Comet  moments  increased  significantly  in  injured  MN 
with  time  postlesion  (p  <  0.05,  7  days  vs  5  days,  10  days  vs  7  days) 
and  were  greatest  at  10  days.  Examples  of  corresponding  comets  are 
shown  in  Figure  6J-L, 


Quantitative  assays  need  to  be  developed  for  pro¬ 
filing  specific  types  of  DNA  lesions  in  mature  MN  at 
the  single-cell  level.  The  fulfillment  of  this  need  is  a 
two-stage  process.  The  first  stage  requires  the  devel¬ 
opment  of  an  approach  of  isolate  mature  MN,  and  then 
the  second  stage  is  the  employment  of  a  reliable  and 
sensitive  method  to  detect  DNA  lesions  in  single  cells. 
In  this  study,  we  show  that  viable  MN  can  be  isolated 
from  the  adult  spinal  cord  and  that  these  MN  can  be 
used  to  profile  the  emergence  of  DNA  lesions  at  the 
single-cell  level. 

We  found  that  MN  for  the  adult  spinal  cord  can  be 
isolated  and  studied  in  vitro.  It  is  likely  that  the  large 


size  adult  MN  contributes  to  the  ability  to  isolate  these 
neurons  by  differential  centrifugation.  The  MN  en¬ 
richment  of  this  cell  system  was  documented  by  im- 
munophenotyping  for  ChAT  and  axonal  tract  tracing. 
This  work  confirms  our  previous  results  using  this  MN 
isolation  method  (19,20).  We  anticipate  that  other 
large  neurons  (e.g.,  dopaminergic  nigral  neurons  and 
cerebellar  Purkinje  cells)  could  be  isolated  using  this 
method  and  profiled  for  DNA  damage.  The  current 
inability  to  culture  isolated  adult  MN,  and  the  result¬ 
ing  short-term  viability  of  adult  MN  in  suspension,  is 
a  disadvantage  of  our  system,  but  an  ~37%  survival  at 
HIV24  is  a  reasonable  starting  point  for  future  studies 
on  extending  the  viability  of  these  MN  with  different 
media  and  growth  factor  supplements. 

This  method  is  an  important  technical  advance¬ 
ment  in  the  field  of  MN  biology  because  only  one  other 
method  is  available  to  study  MN  in  vitro.  Embryonic 
rat  spinal  cord  MN  can  be  isolated  and  cultured  (26); 
however,  these  cells  are  immature  MN  cultured  at  low 
density.  Long-term  viability  is  also  a  difficulty  with 
embryonic  rat  MN,  because  these  cells  are  usually 
studied  at  24-48  hours  after  plating.  Compared  to  the 
embryonic  MN  culture  model,  our  in  vitro  system  using 
mature  MN  has  several  notable  advantages.  The  cells 
are  adult  neurons.  This  is  important  because  neuronal 
maturity  appears  to  influence  cell  death  mechanisms  in 
vivo  and  in  vitro  (5,24,27)  as  well  as  DNA  repair  mech¬ 
anisms  (2);  thus,  our  system  may  be  more  relevant 
than  embryonic  cell  models  for  understanding  MN 
biology  and  for  modeling  degeneration  of  MN  in  ALS. 
In  addition,  injured  MN  can  be  isolated  from  adult 
animals  after  in  vivo  spinal  cord  or  peripheral  nerve 
manipulations.  Similar  experimental  manipulations 
have  not  been  done  with  embryonic  mammalian  sys¬ 
tems.  Our  isolation  technique  yields  a  high  number  of 
spinal  a-MN  (~4  X  106/rat)  that  can  be  studied  in 
vitro  at  high  density.  The  cells  can  be  used  for  comet 
assay  and  immunocytochemical  methods  and  for  bio¬ 
chemical  and  molecular  assays.  This  in  vitro  MN  sys¬ 
tem  can  be  used  as  a  high  throughput  screening  system 
for  testing  the  neurotoxic  (genotoxic)  or  neuroprotec- 
tive  activities  of  environmental,  synthetic,  or  biologi¬ 
cal  compounds  on  adult  MN. 

We  used  the  comet  assay  to  profile  the  emergence 
of  genomic  DNA  damage  in  neurons  after  in  vitro  ex¬ 
posure  to  ROS  and  after  in  vivo  axotomy.  The  major¬ 
ity  of  past  and  current  publications  on  the  comet  assay 
have  studied  nonneuronal  cells.  Others  (12,28)  and  we 
(19,20)  have  recently  demonstrated  the  feasibility  and 
innovative  utility  of  the  comet  assay  in  neuronal  sys¬ 
tems.  This  assay  is  the  only  known  method  to  track 
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specific  DNA  lesions  and  DNA  repair  at  the  single¬ 
cell  level.  This  assay  is  based  on  the  fundamental 
principle  that  single  strand  DNA  elutes  rapidly  under 
alkaline  conditions  from  cells  onto  filters  (29).  This 
principle  was  then  extended  to  the  analysis  of  DNA 
damage  in  individual  cells  using  SCGE  (9,10).  The 
comet  assay  detects  DNA-SSB  at  pH  ~  12,  DNA-DSB 
at  neutralized  conditions,  DNA-DNA  or  DNA-protein 
crosslinking,  alkali-labile  sites  that  cause  SSB  under 
alkali  conditions  (pH  >  12.6)  and  damage  to  purine 
and  pyrimidine  bases  (AP  sites).  At  pH  conditions  of 
12.6  or  higher,  alkali-labile  sites  are  converted  SSB, 
and,  thus,  a  pH  s  13  maximizes  the  detection  of  alkali- 
labile  sites  as  SSB  (7).  The  sensitivity  of  the  comet 
assay  is  reported  to  be  exquisite,  detecting  one  break 
per  2  X  1010  Daltons  of  DNA  in  lymphocytes  (10). 

We  tested  the  hypothesis  that  ROS  cause  adult 
MN  to  accumulate  DNA  damage.  MN  were  exposed  in 
vitro  to  H202,  NO  donors,  and  ONOO-.  Different  pH 
conditions  were  used  during  electrophoresis  to  dis¬ 
criminate  between  DNA  strand  breaks  and  alkali-labile 
sites  in  MN.  We  found  that  different  ROS  induce  dif¬ 
ferent  DNA  damage  profiles  in  MN.  H202  and  NO 
induce  primarily  SSB  in  MN,  whereas  ONOO-  induces 
a  combination  of  SSB,  DSB,  and  alkali-labile  sites  (AP 
sites).  The  genotoxic  actions  of  ONOO-  in  MN  were 
dramatic.  The  formation  of  DNA-SSB  in  MN  is  very 
dynamic.  Exposure  of  MN  to  the  NO  donor  NONOate 
caused  a  progressive  accumulation  of  DNA-SSB  over  a 
1  h  period,  while  the  level  of  alkali-labile  sites  was 
relatively  invariant.  DNA-SSB  are  be  formed  in  MN 
within  a  30  min  window  of  time.  Thus,  MN  exposed  to 
NO  rapidly  form  DNA-SSB. 

MN  comet  number  decreased  compared  to  control 
in  the  presence  of  1  mM  H202.  The  explanation  for  this 
finding  is  uncertain.  It  is  possible  that  this  concentra¬ 
tion  of  H202  may  be  insufficient  for  inducing  DNA 
damage  in  healthy  MN  in  suspension  for  a  short  time 
(possibly  related  to  antioxidant  enzymes  in  the  Neu- 
robasal  medium),  but  it  may  enhance  DNA  damage  in 
already  dying/injured  MN  (background  comets)  that 
then  disappear  from  the  400  rpm  preparation  with  re¬ 
pelleting  after  exposure.  However,  1  mM  H202  expo¬ 
sure  for  up  to  2  h  did  not  cause  a  loss  of  cells  compared 
to  time-matched  controls  (data  not  shown).  Alterna¬ 
tively,  DNA-SSB  occurring  spontaneously  in  isolated 
MN  could  be  repaired.  DNA  repair  mechanisms  may 
be  stimulated  in  MN  exposed  to  low  concentrations 
of  H202,  so  that  fewer  DNA-SSB  are  detected.  The 
kinetics  of  DNA  repair  is  very  rapid.  In  leukocytes 
DNA-SSB  can  be  repaired  within  2  minutes  after 
irradiation  (30). 


We  also  tested  the  hypothesis  that  MN  accumulate 
DNA  damage  after  axonal  injury  in  vivo  using  a  sciatic 
nerve  avulsion  model.  MN  had  accumulated  DNA-SSB 
by  5  days  after  injury.  The  accumulation  of  DNA-SSB 
after  injury  was  progressive  over  5-10  days  postlesion 
as  revealed  by  the  comet  moments.  This  finding  sup¬ 
ports  and  extends  the  conclusion  that  DNA  damage  is 
a  stimulus  for  MN  apoptosis  in  the  adult  spinal  cord 
(14).  The  accumulation  of  DNA-SSB  could  be  a  pri¬ 
mary  upstream  signal  for  MN  apoptosis  by  engaging 
p53-mediated  pathways  (15). 
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We  investigated  the  effects  of  3-nltroproplonic  acid 
(3NPA),  a  previously  characterized  neurotoxin,  In 
four  strains  of  mice  to  better  understand  the  molecu¬ 
lar  basis  of  variable  host  responses  to  this  agent 
Unexpectedly,  we  found  significant  cardiac  toxicity 
that  always  accompanied  the  neurotoxicity  in  ail 
strains  of  mice  in  acute  and  subacute/chronic  toxicity 
testing.  Caudate  putamen  infarction  never  occurred 
without  cardiac  toxicity.  All  mouse  strains  tested  are 
sensitive  to  3NPA  although  the  C57BL/6  and  BALB/c 
mice  require  more  exposure  than  129SVEMS  and 
FVB/n  mice.  Cardiac  toxicity  alone  was  found  in  50% 
of  symptomatic  mice  tested  and  morphologically,  the 
cardiac  toxicity  is  characterized  by  diffuse  swelling  of 
cardiomyocytes  and  multifocal  coagulative  contrac¬ 
tion  band  necrosis.  In  subacute  to  chronic  exposure , 
atrial  thrombosis,  cardiac  mineralization,  cell  loss, 
and  fibrosis  are  combined  with  cardiomyocyte  swell¬ 
ing  and  necrosis.  Ultrastructurally ,  mitochondrial 
swelling  occurs  initially,  followed  by  disruption  of 
myofilaments.  Biochemically,  isolated  heart  mito¬ 
chondria  from  the  highly  sensitive  129SVEMS  mice 
have  a  significant  reduction  of  succinate  dehydroge¬ 
nase  activity,  succinate  oxygen  consumption  rates, 
and  heart  adenosine  triphosphate  after  3NPA  treat¬ 
ment.  The  severity  of  morphological  changes  paral¬ 
lels  the  biochemical  alterations  caused  by  3NPA,  con¬ 
sistent  with  cardiac  toxicity  being  a  consequence  of 
the  effects  of  3NPA  on  succinate  dehydrogenase. 
These  experiments  show,  for  the  first  time,  that  3NPA 
has  important  cardiotoxic  effects  as  well  as  neuro- 
toxic  effects ,  and  that  cardiac  toxicity  possibly  result¬ 


ing  from  inhibition  of  the  succinate  dehydrogenase  in 
heart  mitochondria,  contributes  to  the  cause  of  death 
in  3NPA  poisoning  in  acute  and  subacute/chronic 
studies  in  mice.  (Am  J  Pathol  2001,  159:1507-1520) 

3-Nitropropionic  acid  (3NPA)  is  a  natural  environmental 
toxin  made  by  various  plants  and  fungi.  Human  3NPA 
intoxication  has  occurred  in  China  via  ingestion  of  fungal 
contaminated  sugarcane,1'2  yet  3NPA  contamination  of 
various  foodstuffs  (corn,  peanuts,  sugarcane)  is  not  mon¬ 
itored  by  regulatory  agencies.  3NPA  induces  neurode¬ 
generation  in  the  caudate  putamen  in  humans  and  ex¬ 
perimental  animals,  resembling  Huntington's  disease.3-8 
Consequently,  3NPA  poisoning  is  used  primarily  as  an 
animal  model  of  selective  neurodegeneration.  The  mech¬ 
anism  of  toxicity  is  thought  to  be  because  of  the  irrevers¬ 
ible,  covalent  binding  of  3NPA  with  subsequent  inhibition 
of  succinate  dehydrogenase  (SDH),  an  enzyme  of  the 
citric  acid  cycle  that  transfers  electrons  to  the  electron 
transport  chain  via  its  complex  II  function.9-10  Thus,  a 
major  factor  in  3NPA  toxicity  is  because  of  cellular  and 
mitochondrial  stress  seen  with  metabolic  impairment. 

Differential  neurotoxic  effects  of  3NPA  have  been  iden¬ 
tified  between  rats  and  mice,11  as  mice  seem  resistant 
and  require  more  3NPA  exposure,  and  between  the  mice 
carrying  the  Huntington’s  disease  mutation  and  their  wild- 
type  littermates. 12,13  Additionally,  various  strains  of  rats 
exhibit  differential  sensitivity  to  3NPA,14  however  previ¬ 
ous  investigations  of  3NPA  toxicity  have  not  considered 
strain  differences  in  mouse  models.  Significant  variation 
has  been  found  between  mouse  strains  in  response  to 
neurological  injury  resulting  from  other  neurotoxins  such 
as  kainic  acid  and  1  -methyl-4-phenyl- 1,2,3, 6-tetrahydro- 
pyridine,15'16  as  well  as  hypoxia  and  ischemia  reperfu¬ 
sion  mouse  models.17,18  We  investigated  the  effects  of 
3NPA  on  the  same  strains  of  inbred  mice,  C57BL/6, 
BALB/c,  FVB/n,  and  129SVEMS  strains,  which  showed 
differential  sensitivity  to  the  neurotoxin  kainic  acid.  We 
were  interested  if  certain  strains  of  mice  were  less  sen- 
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sitive  to  neurological  injury.  The  significance  of  this  would 
be  of  great  importance  in  strain  background  selection  in 
genetic  engineering  of  mice  and  the  interpretation  of 
these  studies. 

Furthermore,  because  the  heart,  similar  to  the  brain, 
has  a  tremendous  dependence  on  mitochondrial  function 
and  oxidative  metabolism  for  the  production  of  ATP,  we 
investigated  the  effects  of  3NPA  on  the  heart  in  this 
experimental  protocol.  Our  finding  of  3NPA-induced  car¬ 
diac  pathology,  which  varied  between  mouse  strains, 
was  then  followed  up  by  investigation  of  biochemical 
mechanisms  of  cardiac  toxicity  in  the  most  sensitive  and 
least  sensitive  mouse  strains. 


Materials  and  Methods 
Animals  and  Materials 

BALB/c  and  C57BL/6  mice  (8-  to  10-week-old  males  ) 
were  purchased  from  Hilltop  Labs  (Philadelphia,  PA). 
FVB/n  and  129SVEMS  mice  (8-  to  10-week-old  males) 
were  purchased  from  the  Jackson  Laboratory  (Bar  Har¬ 
bor,  ME).  All  of  the  mice  were  housed  in  groups  of  five  on 
a  12-hour  light/dark  schedule.  Mice  were  allowed  free 
access  to  mouse  lab  chow  and  water.  All  experiments 
were  performed  in  accordance  to  the  Guidelines  for  the 
Use  and  Care  of  Laboratory  Animal  (NIH  Publication 
85-23). 


Drug  Administration  and  Experimental  Groups 

3NPA  (Aldrich  Chemical  Co.,  Milwaukee,  Wl)  was  made 
fresh  daily  and  dissolved  in  isotonic  saline  (20  mg/ml) 
without  neutralization,  passed  through  a  0.2-jim  filter  to 
remove  any  bacterial  contamination,  and  administered 
by  intraperitoneal  injection.  Mice  were  numbered, 
weighed,  and  injected  daily  between  1 1 :00  a.m.  and  1 :00 
p.m.  Two  dosing  protocols  were  used. 


Protocol  1  Acute  Toxicity 

This  3NPA-dosing  protocol  was  adapted  from  the  orig¬ 
inal  mouse  protocol  for  Webster  Swiss  mice  used  by 
Gould  and  Gustine.7  Saline  or  3NPA  was  administered  to 
4  to  6  mice  per  strain/treatment  (C57BL/6,  BALB/c, 
129SvEMS,  and  FVB/n)  for  two  injections,  100  mg/kg 
3NPA,  24  hours  apart,  and  survival  was  assessed  at  48 
hours  after  the  first  injection.  In  this  survival  study,  mice 
were  monitored  every  15  minutes  throughout  a  12-hour 
period  and  were  euthanized  using  criteria  described  be¬ 
low  based  on  clinical  signs.  In  another  series  of  structural 
and  biochemical  studies,  this  same  protocol  was  used, 
except  mice  were  euthanized  at  24  hours  after  the  first 
dose  or  1  hour  after  the  second  dose  to  harvest  tissues 
for  electron  microscopy  (n  =  10/strainAreatment),  ATP 
analysis  (n  =  3  to  6/strain/treatment),  or  isolate  heart 
mitochondria  for  metabolic  studies  (n  =  3  to  4/strain/ 
treatment). 


Protocol  2  Subacute! Chronic  Toxicity 

3NPA  (75  mg/kg/day)  was  given  to  the  above  strains  of 
mice  to  model  a  subacute/chronic  exposure.  Mice  were 
monitored  every  15  minutes  throughout  a  12-hour  period 
and  euthanized  based  on  clinical  signs  as  described 
below. 


3NPA-lnduced  Clinical  Signs  in  Mice 

With  protocol  2,  exposing  mice  to  a  more  chronic,  lower 
dose  exposure  of  3NPA,  more  consistent  neurological 
signs  were  observed,  accompanied  by  neuropathology. 
The  majority  of  mice  dosed  with  3NPA  developed  a  char¬ 
acteristic,  progressive  neurological  disorder,  clinically 
recognized  in  three  stages  referred  to  as  stage  I,  II,  and 
III,  similar  to  the  disorder  seen  in  the  3NPA-treated  rats.8 

In  stage  I,  symptomatic  mice  were  hypoactive  but 
retained  a  normal  posture  and  gait.  These  mice  had 
minimal  grooming  activity  and  interaction  with  other  mice. 
In  stage  II,  there  was  an  increase  in  spontaneous  motor 
activity,  which  was  characterized  by  a  wobbly  gait  (atax¬ 
ia),  tremors,  and  a  frequency  to  fall  to  one  side  with  short 
episodes  of  paddling. 

Finally,  stage  III  was  characterized  by  a  reduction  in 
motor  hyperactivity  with  ventral  or  lateral  recumbency 
(moribund  state)  and  frequently  bilateral  hindlimb  exten¬ 
sion  (more  pronounced  in  protocol  2).  Occasionally  mice 
would  have  a  seizure  (<10%  of  FVB/n  mice)  when 
aroused. 

Other  clinical  signs  included  weight  loss  (20%)  that 
usually  began  2  to  3  days  before  stage  III  signs  were 
observed.  Stage  III  mice  routinely  were  hypothermic,  with 
body  temperatures  as  low  as  29°C  compared  to  38°C  in 
control  mice.  Body  temperatures  were  monitored  using  a 
Mallinckrodt  Mon-a-therm  model  6510  system  (Mallinck- 
rodt  Medical  Inc.,  St  Louis,  MO)  with  rectal  probe  attach¬ 
ment.  Additionally,  hypothermic  moribund  mice,  which 
never  progressed  through  neurological  stages,  seemed 
to  be  in  cardiopulmonary  failure,  characterized  by  respi¬ 
ratory  signs  (labored  breathing)  and  possibly  impaired 
perfusion  (bluish  distal  extremities). 

Criteria  for  euthanasia  and  evaluation:  the  moribund 
mice  described  above  were  immediately  euthanized  and 
histologically  examined.  Additionally,  all  mice  with  stage 
III  neurological  signs  were  euthanized  and  histologically 
examined.  Mice  that  died  acutely  without  significant  clin¬ 
ical  signs  during  the  day  of  observation  (15%)  were  also 
examined  and  each  of  the  above  groups  were  included  in 
Figure  1,  Table  1,  or  Table  2. 


Light  Microscopy 

For  necropsy,  mice  exhibiting  the  above  clinical  signs 
were  anesthetized  with  metaphane,  perfused  via  left  ven¬ 
tricle  with  10%  buffered  formalin  or  tissues  were  fixed  in 
formalin  by  immersion-fixation.  Tissues  were  processed 
for  standard  hematoxylin  and  eosin  staining  (H&E).  Be¬ 
cause  of  the  acute  deaths  in  mice  using  protocol  1 ,  with 
inconsistent  neurological  signs,  multiple  organs  were  ex- 
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Table  1.  Survival  Rate  (in  %)  of  Four  Mouse  Strains  after 
3NPA  Treatment  (Protocol  1) 


Strain 

Number  of 
mice 

Survival  rate 
(48  hours),  % 

C57BL/6 

5 

100 

BALB/c 

6 

84 

FVB/n 

4 

25 

129SVEMS 

5 

20 

Eight-week-old  male  mice  (C57BL/6,  BALB/c,  FVB/n,  and  129SVEMS 
strains)  were  intraperitoneally  treated  with  2  doses,  100  mg/kg  3NPA  at 
0  and  24  hours  and  survival  rate  was  assessed  at  48  hours  after  the 
first  injection.  This  treatment  protocol  was  based  on  the  original  mouse 
protocol  developed  by  Gould  and  Gustine.7  Mice  included  in  this  study 
were  observed  every  IS  minutes  over  a  12-hour  period  for  48  hours 
after  the  first  3NPA  dose  and  were  euthanized  using  criteria  described 
In  the  Materials  and  Methods  section  based  on  clinical  signs.  Chi- 
square  Fisher’s  exact  analysis  on  these  mice  showed  a  significant 
difference  in  survival  between  C57BL/6  mice  compared  to  FVB/n  (P  = 
0.048)  and  C57BI/6  compared  to  129SVEMS  mice  (P  =  0.048). 
Comparison  of  Balb/c  mice  with  other  strains  did  not  reach  the  0.05 
level  of  significance.  Significant  cardiac  Injury  was  found  In  all  mice 
that  were  euthanized  or  died  after  exposure  to  3NPA  in  this  study. 

amined  in  protocols  1  and  2  (heart,  lungs,  liver,  kidneys, 
pancreas,  and  intestines)  to  identify  other  organ  patho¬ 
logical  injury  and  the  likely  cause  of  sudden  death.  After 
it  was  determined  that  only  the  heart  and  brain  (specifi¬ 
cally  caudate  putamen)  were  affected  and  no  other  or¬ 
gans  showed  significant  pathology,  only  the  brain  and 
heart  were  examined  in  subsequent  studies. 

Characterization  and  Grading  of  3NPA-lnduced 
Cardiac  Toxicity 

C57BL/6  mice  (n  =  7)  were  compared  to  129SVEMS 
mice  ( n  =  7)  treated  with  two  doses  of  3NPA  (100  mg/kg; 
0  and  24  hours)  and  perfused  with  a  1  %  paraformalde¬ 
hyde  and  1.25%  glutaraldehyde  solution  1  hour  after  the 


Figure  1. 129SVEMS  and  FVB/n  mice  show  increased  sensitivity  to  3NPA 
compared  to  C57BL/6  and  BALB/c  mice  in  protocol  2  (75  mg/kg/day  3NPA). 
Modified  Kapian-Meier  survival  curve.  Mice  included  in  this  study  were 
observed  every  15  minutes  throughout  a  12-hour  period  for  consecutive  days 
of  3NPA  dosing  as  described  in  Materials  and  Methods.  These  mice  were 
euthanized  because  of  stage  in  neurological  signs  (mice  with  heart  and  brain 
lesions  from  Table  2)  or  if  clinically  moribund  (mice  with  only  heart  lesions 
from  Table  2)  as  described  in  Materials  and  Methods.  Strain  differences  in 
lesions  are  presented  in  Table  2.  Fifteen  percent  of  BALB/c  mice  and  7.4%  of 
C57BL/6  mice  did  not  present  clinical  signs  throughout  the  22-day  experi¬ 
ment  demonstrating  an  Intrastrain  and  interstrain  variability  in  resistance  to 
3NPA. 


Table  2.  Incidence  of  Lesions  and  Tissues  Injured  (Caudate 
Putamen,  Heart,  or  Both)  in  Mice  Treated  with  75 
mg/kg/day  of  3NPA  (Protocol  2) 


Mouse  strain 

Number  of 
mice 

Fieart 

only 

Type  of  lesion 

Brain  Heart  and 
only  brain 

C57BL/6 

17 

10 

0 

7 

BALB/c 

16 

3 

0 

13 

FVB/n 

8 

6 

0 

2 

129SVEMS 

8 

4 

0 

4 

Mice  included  in  this  study  were  observed  every  1 5  minutes  over  a 
12-hour  period  for  consecutive  days  of  3NPA  dosing  as  described  in 
the  Materials  and  Methods  section.  Mice  included  in  this  table  were 
euthanized  due  to  stage  III  neurological  signs  (mice  with  heart  and 
brain  lesions  above)  or  if  clinically  moribund  (mice  with  only  heart 
lesions  above)  as  described  in  the  Materials  and  Methods  section  and 
in  Figure  1 . 


second  injection.  Saline-treated  controls  (n  <=  6  per 
strain)  were  compared  to  the  3NPA  treatment  groups. 
This  time  point  was  used  because  129SVEMS  mice 
would  commence  to  die  shortly  (1  to  2  hours)  after  the 
second  injection.  The  degree  of  cardiac  cellular  swelling, 
necrosis,  mineralization,  and  hemorrhage  were  assessed 
on  toluidine  blue-stained  histological  sections.  Twenty 
representative  heart  sections  per  mouse  were  graded 
semiquantitatively  on  a  scale  of  0  to  4  (0,  absent;  1, 
minimal;  2,  mild;  3,  moderate;  4,  severe)  and  averaged 
according  to  previously  published  criteria.19  For  cellular 
swelling  the  following  scores  were  used:  1,  microscopic 
foci  of  cellular  swelling  that  involve  a  few  cardiomyocytes 
in  one  location  in  the  atria,  ventricles,  and  septum;  2, 
cellular  swelling  foci  consisting  of  a  few  cardiomyocytes 
involving  more  than  one  of  the  above  locations;  3,  small 
localized,  multiple  foci  of  cellular  swelling  involving  more 
that  one  area;  and  4,  large  diffuse  cellular  swelling  involv¬ 
ing  the  ventricular  walls  and  septum.  Necrosis  was 
scored  as  follows:  1,  microscopic  foci  of  necrosis  that 
involve  a  few  cardiomyocytes  in  one  location  in  the  atria, 
ventricles,  and  septum;  2,  necrotic  foci  consisting  of  a 
few  cardiomyocytes  involving  more  than  one  of  the  above 
locations;  3,  small  focalized,  multiple  foci  of  necrosis 
involving  more  that  one  area;  and  4,  large  diffuse  necrotic 
foci  involving  the  ventricular  walls  and  septum.  Mineral¬ 
ization  was  scored  as  1 ,  microscopic  foci  of  mineraliza¬ 
tion  that  involve  a  few  cardiomyocytes  in  one  location  in 
the  atria,  ventricles,  and  septum:  2,  mineralization  foci 
consisting  of  a  few  cardiomyocytes  involving  more  than 
one  of  the  above  locations;  3,  small  localized,  multiple 
foci  of  mineralization  involving  more  that  one  area;  and  4, 
large  diffuse  mineralization  foci  involving  the  ventricular 
walls  and  septum.  Hemorrhage  was  scored  as  follows:  1, 
occasional  erythrocytes  in  the  interstitium;  2,  small 
groups  of  erythrocytes  in  the  interstitium;  3,  large  groups 
of  erythrocytes  in  the  interstitium;  and  4,  diffuse  large 
accumulation  of  erythrocytes  in  the  interstitium. 

Electron  Microscopy 

129SVEMS  and  C57BL/6  mice  were  compared  by  ultra- 
structural  analysis  of  caudate  putamen  and  heart  at  the 
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time  point  that  was  used  for  mitochondrial  biochemical 
analysis  and  whole  heart  adenosine  triphosphate  (ATP) 
evaluation.  Ten  mice  per  group  were  treated  intraperito- 
neally  with  saline  or  1 00  mg/kg  of  3NPA  given  at  0  and  24 
hours  and  sacrificed  at  1  hour  after  the  second  injection. 
Mice  were  anesthetized  with  metaphane  and  perfused  by 
intracardiac  perfusion  via  the  left  ventricle.  One  percent 
paraformaldehyde  in  phosphate  buffer  was  used  to  clear 
the  blood  from  vessels  followed  by  a  1%  paraformalde¬ 
hyde  and  1 .25%  glutaraldehyde  in  phosphate  buffer  us¬ 
ing  a  20  ml/minute  flow  rate.  The  brain  and  hearts  were 
removed  and  placed  in  the  glutaraldehyde  fixative  over¬ 
night.  Tissues  were  trimmed  to  a  1  to  2  mm3,  postfixed  in 
osmium,  processed,  and  embedded  in  epoxy  resin. 
Blocks  were  cut  in  1-/*m  sections,  stained  with  toluidine 
blue,  and  screened  by  light  microscopy.  Thin  sections 
were  cut,  stained  with  lead  acetate  and  uranyl  acetate, 
and  representative  samples  were  viewed  with  a  Jeol 
electron  microscope. 

Heart  Mitochondrial  Isolation 

Various  biochemical  parameters  were  compared  in  iso¬ 
lated  mitochondria  from  saline-  or  3NPA-treated  (protocol 
1)  129SVEMS  and  C57BL/6  mice.  Mitochondria  were  iso¬ 
lated  from  mice  (single  hearts)  using  Nargarse  digestion 
as  described  by  Hansford  and  colleagues.20  Mice  were 
euthanized  by  cervical  dislocation  and  decapitation. 
Hearts  were  quickly  removed  and  washed  free  of  blood  in 
0.25  mol/L  sucrose,  10  mmol/L  hepes  and  1  mmol/L 
EGTA  isolation  buffer.  Hearts  were  then  cut  into  1-mm3 
pieces  and  homogenized  for  8  minutes  (3  strokes/minute) 
in  a  glass-Teflon  homogenizer  with  10  ml  of  sucrose 
buffer  and  0.7  mg  Nargarse  enzyme  per  heart.  The  ho¬ 
mogenate  was  spun  at  8500  x  g  for  8  minutes,  the  pellet 
was  resuspended  in  5  ml  of  isolation  buffer,  and  reho¬ 
mogenized  (10  strokes  total).  The  homogenate  was  spun 
at  500  X  g  for  12  minutes.  The  supernatant  containing 
mitochondria  was  centrifuged  at  9500  x  g  for  9  minutes 
to  pellet  mitochondria.  The  pellet  was  gently  resus¬ 
pended  and  spun  at  8500  x  g  to  pellet  only  unbroken 
mitochondria.  The  last  pellet  was  resuspended  in  the 
above  described  sucrose/hepes  buffer  without  the  addi¬ 
tion  of  EGTA.  Mitochondrial  proteins  were  measured  us¬ 
ing  the  method  of  Lowery  and  colleagues.21 

SDH  Activity  in  Heart  Mitochondria 

SDH  activity  was  measured  in  isolated  heart  mitochon¬ 
dria  from  three  to  four  mice  per  strain  in  the  saline  con¬ 
trols  and  the  3NPA-treated  mice  (protocol  1).  Heart  mito¬ 
chondrial  protein  (100  pig)  was  solubilized  in  a  0.01% 
Triton  X  solution  in  an  incubation  buffer  of  0.05  mol/L 
potassium  phosphate,  0.02  mol/L  succinate,  50  /xmol/L 
2,6-dichlorophenolindophenol,  2  jug/ml  antimycin  A,  ro- 
tenone  2  p,g/ml,  2  mmol/L  KCN,  and  50  p,mol/L  decylu- 
biquinone.22  Briefly,  SDH  activity  was  measured  by  the 
rate  of  reduction  of  decylubiquinone  using  the  substrate 
succinate  by  following  the  secondary  reduction  of  the 
dye  2,6-dichlorophenolindophenol.  The  reaction  was  fol¬ 


lowed  spectrophotometrically  by  a  decrease  in  absor¬ 
bance  at  600  nm  for  3  minutes  at  30°C. 

Oxygen  Consumption 

Oxygen  consumption  rates  in  heart  mitochondria  (proto¬ 
col  1)  were  measured  at  28°C  with  a  Clark-type  O2  elec¬ 
trode.  Mitochondria  (0.25  mg)  were  added  to  a  1-ml 
aliquot  of  respiration  buffer  containing  0.12  mol/L  KCI,  20 
mmol/L  K  Hepes,  pH  7.4,  5  mmol/L  K  phosphate,  5 
mmol/L  succinate,  and  1  pmol/L  rotenone.  Respiration 
was  measured  without  ADP  (state  IV)  and  after  the  addi¬ 
tion  of  0.5  mmol/L  ADP  (state  III).22 

Cardiac  ATP  Analysis 

Using  protocol  1,  C57BL/6  and  129SVEMS  mice,  3NPA 
(n  =  6  per  strain)  or  saline  (n  =  3)  was  administered  at  0 
and  24  hours.  One  hour  after  the  second  injection,  mice 
were  anesthetized  with  0.5  mg/g  of  chloral  hydrate  and 
endotracheally  intubated  with  a  22-gauge  catheter 
(2N1116;  Baxter,  Deerfield,  IL).  Mice  were  ventilated  using 
a  Harvard  apparatus  rodent  ventilator  (no.  680)  on  room  air 
with  a  respiratory  rate  150/minute  and  tidal  volume  set  at 
0.125  ml.23  The  tidal  volume  was  adjusted  to  ensure  an 
arterial  carbon  dioxide  tension  within  the  physiological 
range.  The  thorax  was  opened  and  while  the  lungs  were 
being  ventilated,  the  hearts  were  freeze-clamped  by  a  pre¬ 
cooled  metal  clamp  that  was  immediately  immersed  into 
liquid  nitrogen.  The  heart  samples  were  ground  to  fine  pow¬ 
der  under  liquid  nitrogen  and  extracted  and  homogenized 
in  ice  cold  0.4  mol/L  perchloric  acid.  The  denatured  protein 
was  pelleted  and  reserved  for  protein  analysis.21  The  acid 
extract  was  neutralized  with  equal  volumes  of  0.4  mol/L 
KHC03.  Each  extract  was  subjected  to  nucleotide  analysis 
using  gradient  ion-pair  reversed-phase  liquid  chromatogra¬ 
phy.24  HPLC  separation  was  performed  using  an  ESA 
(Chelmsford,  MA)  solvent  delivery  system  with  a  3-jim  sym¬ 
metry  Cl 8  column  (3.9  x  150  mm  inner  diameter)  from 
Waters  Corporation  (Milford,  MA).  Separation  was  per¬ 
formed  by  reverse-phase  chromatography  using  an  iso- 
cratic  mobile  phase  consisting  of  buffer  A  (35  mmol/L 
KH2PO„,  6  mmol/L  tetrabutylammonium  hydrogensulfate, 
pH  6.0,  125  mmol/L  ethylenediaminetetraacetic  acid)  and 
buffer  B  (a  mixture  of  buffer  A  and  HPLC-grade  acetonitrile 
in  a  ratio  of  1:1,  v/v),  filtered  through  a  0.2-pir\  membrane 
filter  and  helium  degassed.  The  flow  rate  was  set  at  1.0 
ml/minute  and  detection  was  performed  at  260  nm  using  an 
ESA  variable  wavelength  UV/V  is  absorbance  detector. 

Statistical  Analysis 

Survival  data  from  protocol  1  was  compared  by  chi- 
square  Fisher’s  exact  analysis.  SDH  activity  and  ATP 
analysis  were  analyzed  by  analysis  of  variance  followed 
by  Bonferroni’s  post  hoc  test.  Heart  lesion  severity  scores 
(cellular  swelling,  necrosis,  hemorrhage,  and  mineraliza¬ 
tion)  were  analyzed  by  the  Kruskal-Wallis  rank  test.  A  P 
value  <0.05  was  considered  statistically  significant.  All 
data  are  presented  as  mean  ±  SEM. 
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Results 

3NPA-lnduced  Mortality  Is  Mouse  Strain-  and 
Dose-Dependent 

In  3NPA  protocol  1  (100  mg/kg,  two  doses  at  0  and  24 
hours)  C57BL/6  mice  and  BALB/c  mice  had  significantly 
better  survival  at  48  hours  compared  to  the  FVB/n  mice 
and  129SVEMS  mice  (Table  1).  Frequent  monitoring  of 
mice  was  performed  (every  15  minutes)  throughout  a 
12-hour  period.  Mice  were  euthanized  when  first  ob¬ 
served  in  the  recumbent  hypothermic  condition  (more 
prevalent  in  FVB/n  and  129SVEMS  mice)  because  it  was 
found  that  disease  progression  occurs  rapidly  in  these 
strains  and  mice  in  this  state  die  suddenly. 

When  comparing  mouse  strains  to  each  other,  neuro¬ 
logical  signs  were  inconsistently  seen  between  strains  in 
mice  treated  with  this  3NPA  treatment  paradigm  adapted 
from  the  original  3NPA  mouse  study.7  In  the  original  pilot 
study  (n  =  4  to  6  mice)  presented  in  Table  1 ,  none  of  the 
mice  presented  neurological  signs  up  to  48  hours  after 
the  Initial  injection.  The  majority  of  FVB/n  and  129SVEMS 
mice  became  acutely  moribund  after  the  second  injec¬ 
tion.  These  mice  either  died  during  the  observation  pe¬ 
riod  or  were  euthanized  based  on  clinical  signs.  In  later 
studies  using  the  protocol  1  dosing  paradigm,  40%  of  the 
C57BL/6  mice  progressed  to  stage  II  (ataxia  and  tremors) 
1  hour  after  the  second  injection,  while  1 29SVEMS  mice 
would  infrequently  show  neurological  signs  because  of  a 
moribund  condition  (recumbency,  nonambulatory  state). 

Because  our  initial  goal  was  to  study  3NPA-induced 
neurodegeneration  between  strains  of  mice,  we  rea¬ 
soned  that  the  cause  of  death,  which  prevented  the  de¬ 
velopment  of  overt  neurotoxicity,  may  be  avoided  if  we 
lowered  the  3NPA  dose.  In  a  second  study  (protocol  2),  a 
lower  daily  dose  of  3NPA  was  used  (75  mg/kg)  for  con¬ 
secutive  days  until  specific  neurological  signs  (ataxia 
and  tremors  initially  with  progression  to  hindlimb  exten¬ 
sion)  were  observed.  More  reproducible  neurological 
signs  were  observed  with  this  protocol  and  neurodegen¬ 
eration  was  found  to  accompany  and  precede  mortality  in 
all  mouse  strains  tested.  When  comparing  the  four  strains 
of  mice,  signs  of  toxicity  were  evident  in  mice  as  early  as 
day  5  to  day  14  with  daily  exposure  to  75  mg/kg.  In 
contrast,  in  the  100  mg/kg  (2  doses,  24  hours  apart) 
study,  signs  of  toxicity  occur  1  hour  after  the  second  dose 
especially  in  the  129SVEMS  and  FVB/n  mice. 

Survival  curves  for  protocol  2  (Figure  1)  illustrate  the 
time  course  variability  between  the  mouse  strains  in  sur¬ 
vival  after  3NPA  treatment.  By  day  9,  100%  of  the 
129SVEMS  and  FVB/n  mice  had  died  or  were  euthanized. 
In  contrast,  30%  of  the  C57BL/6  mice  and  26%  of  the 
BALB/c  mice  remained  without  exhibiting  any  clinical 
signs  in  the  3NPA  treatment  group.  Between  days  15  to 
22,  no  additional  mice  in  the  remaining  strains  (C57BL/6 
and  BALB/c)  showed  clinical  signs.  On  day  22  of  dosing, 
the  saline-treated  and  3NPA-treated  mice  that  had  not 
presented  clinical  signs  were  euthanized  and  histologi¬ 
cally  analyzed.  Fifteen  percent  of  BALB/c  mice  and  7.4% 
of  C57BL/6  mice  (presented  in  Figure  1)  did  not  present 


clinical  signs  throughout  the  22-day  experiment  demon¬ 
strating  an  intrastrain  and  interstrain  variability  in  resis¬ 
tance  to  3NPA.  In  contrast,  all  of  the  129SVEMS  and 
FVB/n  mice  treated  in  this  protocol  with  3NPA  either 
showed  clinical  signs  and  were  euthanized  or  died  sud¬ 
denly  by  day  9  of  3NPA  treatment,  demonstrating  a  lack 
of  resistance  in  these  strains  to  3NPA. 


3NPA  Causes  Strain-  and  Dose-Dependant 
Caudate  Putamen  and  Cardiac  Toxicity 

A  histological  survey  from  protocol  1  revealed  toxicity  in 
the  heart,  a  finding  that  had  not  been  previously  reported 
in  any  species.  One  hundred  percent  of  the  mice  that 
died  or  were  euthanized  within  the  first  48  hours  of  the 
first  dose  (Table  1)  had  only  acute  cardiac  injury  (see 
Figure  3B).  There  was  no  evidence  of  histological  injury  in 
saline-treated  controls. 

In  attempts  to  avoid  the  acute  mortality  and  predomi¬ 
nant  cardiac  toxicity  seen  in  protocol  1,  the  3NPA  daily 
dose  was  decreased  to  75  mg/kg  for  another  series  of 
studies  (protocol  2).  A  histological  survey  of  multiple 
organs  was  performed  to  correlate  with  clinical  signs  and 
the  cause  of  death  in  3NPA-treated  mice.  With  this  pro¬ 
tocol,  a  much  higher  incidence  in  caudate  putamen  in¬ 
farction  was  observed,  although  cardiac  injury  was  still  a 
confounding  problem  and  was  present  in  100%  of  the 
mice  tested.  3NPA  treatment  either  induced  heart  lesions 
alone  (myocardial  cellular  swelling  and  necrosis  with  fre¬ 
quent  atrial  thrombosis)  (Figure  2)  (23  of  49  mice)  or  in 
combination  with  caudate  putamen  infarction  (26  of  49 
mice).  There  were  no  examples  of  mice  with  only  caudate 
putamen  infarction.  Table  2  summarizes  the  incidence 
and  tissues  injured  in  mice  treated  with  3NPA  from  the 
four  mouse  strains  tested  in  the  protocol  2. 


3NPA-lnduced  Caudate  Putamen  Pathology 

One  hundred  percent  of  the  mice  exhibiting  hindlimb 
extension  (euthanized  in  stage  III)  had  severe  damage  in 
the  caudate  putamen  including  widespread  cellular 
swelling,  necrosis,  edema,  and  mild  to  moderate  hemor¬ 
rhage  (infarction)  (Figure  2F).  Occasional  small  vessel 
microthrombi  were  found  in  the  caudate  putamen  in  ar¬ 
eas  adjacent  to  infarcts.  Saline-treated  mice  showed  no 
morphological  injury  in  the  caudate  putamen  (Figure  2E). 
Infarcts  were  bilateral  in  the  majority  of  mice.  The  infarcts 
were  centered  on  the  dorsal-lateral  caudate  putamen.  In 
some  mice,  that  showed  transient  inconsistent  neurolog¬ 
ical  signs,  removed  from  the  study  and  examined  7  days 
later,  the  caudate  putamen  also  showed  evidence  of 
chronic  injury  with  white  matter  bundles  positioned  in 
close  proximity  to  each  other  because  of  substantial  neu¬ 
ronal  loss  (Figure  2G).  Ten  percent  of  the  treated  mice 
(FVB/n  and  129SVEMS)  were  observed  to  have  seizures 
that  were  associated  with  unilateral  infarcts  that  extended 
into  the  globus  pallidus,  thalamus,  hippocampus,  cingu¬ 
late  and  motor  cortex,  as  well  as  caudate  putamen. 
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Figure  2.  3NPA  treatment  induces  cardiac  and  caudate  putamen  injury  in  mice.  A  to  D  arc  representative  light  micrographs  of  3NPA-induced  lesions  in  the  heart 
(H&E  stain).  A:  Left  ventricle  showing  a  band  of  marked  epicardial  pallor  (original  magnification,  X24).  The  Inset  represents  an  area  of  transition  between  the 
epicardial  swollen  (pale)  myocytes  and  the  deeper  (darker)  myocytes  (original  magnification,  X100).  B:  An  area  of  cardiac  myocyte  loss,  Interstitial  fibrosis,  and 
mineralization  present  in  a  subacute-treated  mouse  is  shown  (original  magnification,  X100).  G  Several  foci  of  inflammatory  mononuclear  cell  infiltrates  (arrow) 
are  noted  (original  magnification,  X30).  Myocyte  necrosis  and  cellular  infiltrate  are  shown  (inset;  original  magnification,  X80).  D:  Organizing  thrombus  filling 
the  atrial  cavity  (original  magnification,  X24).  E  to  G  are  representative  light  micrographs  of  the  caudate  putamen  (H&E  stain).  E:  Normal  caudate  putamen  from 
saline-treated  mouse  (original  magnification,  X10).  F:  Caudate  putamen  from  3NPA-treated  mouse  with  infarct  (note  area  of  pallor)  in  the  dorsal  lateral  aspect 
(original  magnification,  X 10).  <h  Caudate  putamen  from  3NPA-treated  mouse  with  cellular  loss,  glial  proliferation,  and  hemosiderin-laden  mononuclear  cells.  Note 
the  white  matter  tracts  are  positioned  closer  together  (resolving  infarct)  (original  magnification,  X60). 


3NPA  Acute  Toxicity  Induces  Cardiomyocyte 
Cellular  Swelling  and  Necrosis 

In  protocol  1 ,  two  morphological  patterns  were  observed 
in  cardiomyocytes,  frequently  seen  in  adjacent  cells  (cel¬ 
lular  swelling  and  necrosis).  Cardiomyocytes  exhibited 
multifocal  to  diffuse  cellular  swelling,  characterized  by 
increased  pallor  (Figure  2A  and  Figure  3D)  and  promi¬ 


nent  eosinophilic  granulation  (swollen  mitochondria)  and 
occasional  microvacuolation.  Swollen  mitochondria  are 
easily  seen  on  the  toluidine  blue  sections  (Figure  3B). 
Multifocal  coagulative  necrosis  of  cardiomyocytes  was 
characterized  by  cardiomyocytes  with  homogeneous  in¬ 
tensively  eosinophilic  cytoplasm  (hematoxylin  and  eosin), 
loss  of  striations,  and  irregular  contraction  bands  (Figure 
3C,  toluidine  blue). 
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Figure  3.  3NPA  treatment  induces  cardiac  injury  in  mice.  A  to  C  are  representative  light  micrographs  of  toluidine  blue-stained  1 -pan-thick  plastic-embedded 
sections  of  mouse  hearts  (original  magnification,  X600).  A:  Normal  heart  saline-treated  mouse.  B:  Myocardial  cellular  swelling,  mitochondrial  enlargement,  and 
focal  hemorrhage.  C:  Myocardial  contraction  band  necrosis.  D  to  G  are  representative  examples  of  electron  micrographs  from  mouse  hearts.  D:  Epicardial  myocyte 
showing  myofilament  disruption  and  swollen  mitochondria  adjacent  to  less  affected  cell  (original  magnification,  X3000).  The  Inset  shows  a  comparison  of  the 
pale  myocyte  to  an  adjacent  myocyte  separated  by  an  intercalated  disk  (original  magnification,  X5000).  Note  the  dark  electron-dense  mitochondria  with  abnormal 
morphology  within  the  affected  myocyte.  E:  Normal  control  myocyte  (original  magnification,  X6000).  F:  Myocyte  showing  contraction  band  necrosis  and  swollen 
mitochondria  (original  magnification,  X4000).  The  inset  shows  the  aggregated  disrupted  myofilament  (original  magnification,  X  12,000).  G;  Swollen  mitochondria 
are  present  in  this  cardiac  myocyte.  These  mitochondria  are  larger  than  control,  but  they  do  not  show  the  abnormal  morphology  and  electron  density  noted  in 
the  myocytes  with  myofilament  disruption  shown  in  D.  Note  the  good  preservation  of  the  sarcomeres. 


In  the  protocol  2,  in  addition  to  cellular  swelling  and  tory  cells  were  rarely  seen  in  acute  toxicity  associated 

necrosis,  bilateral  atrial  thrombosis  (Figure  2D),  cardio-  with  cellular  swelling  and  myocardial  necrosis, 

myocyte  mineralization,  cellular  loss,  and  fibrosis  (Figure  In  the  several  mice  that  showed  transient  inconsistent 

2B)  were  present.  Neutrophils  were  associated  with  the  neurological  signs  and  were  removed  from  the  study,  and 

superficial  atrial  endocardium  and  endothelium  attached  examined  7  days  after  the  last  3NPA  injection,  cardiac 

to  atrial  thrombi.  With  the  exception  of  thrombi,  inflamma-  macrophage  and  fibroblastic  remodeling  after  necrosis 
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Table  3.  Incidence  and  Severity  of  Cardiac  Myocyte  Cellular  Swelling  and  Necrosis  in  the  Most  Sensitive  (129SVEMS)  and  Least 
Sensitive  (C57BI/6)  Strain 


Strain/treatment 

group 

Number  of 
mice 

Cellular  swelling  scores 

Necrosis  scores 

0 

1 

2 

3 

4 

0 

1 

2 

3 

4 

129  mice/3NPA 

7 

0 

0 

0 

0 

7* 

0 

0 

0 

1 

6* 

129  mice/saline 

6 

6 

0 

0 

0 

0 

6 

0 

0 

0 

0 

C57  mice/3NPA 

7 

0 

3 

2 

2 

0 

2 

2 

2 

1 

0 

C57  mice/saline 

6 

6 

0 

0 

0 

0 

6 

0 

0 

0 

0 

129SVEMS  and  C57BL/6  mice  were  treated  with  3NPA  (100  mg/kg,  2  doses  0  and  24  hours),  sacrificed  1  hour  after  the  2nd  dose,  and  lesions  were 
scored  and  analyzed. 

"Lesion  scores  significantly  more  severe  than  controls  (P  <  0.05  by  Kruskal-Wallis  rank  test). 


was  evident  (Figure  2C).  In  two  C57BL/6  mice  that  sur¬ 
vived  to  day  22  in  protocol  2,  without  neurological  signs, 
mild  to  moderate  multifocal  cardiomyocyte  cellular  loss 
and  fibrosis  was  observed  but  no  caudate  putamen  pa¬ 
thology  was  found  in  these  mice. 

129SVEMS  Mice  Are  More  Vulnerable  to  3NPA 
Cardiac  Toxicity  Compared  to  C57BL/6  Mice 

Because  C57BL/6  and  129SVEMS  mice  show  the  ex¬ 
tremes  of  interstrain  variability  to  3NPA-induced  mortality 
in  various  dosing  protocols,  we  hypothesized  that 
129SVEMS  mice  would  have  more  significant  cardiac 
injury  compared  to  the  more  resistant  C57BL/6  mice 
when  compared  at  the  same  time  point  using  protocol  1 . 
Four  morphological  components  were  recognized  and 
separately  scored  (Tables  3  and  4)  by  a  semiquantitative 
method  described  in  Materials  and  Methods.  The  inci¬ 
dence  and  severity  of  lesions  was  greater  in  the 
129SVEMS  mice  compared  to  the  C57BU6  mice.  Only 
3NPA-treated  129SVEMS  mice  lesions  scores  were  sig¬ 
nificantly  (P  <  0.001 )  more  severe  than  those  of  control 
mice  compared  to  C57BL/6  mice. 

Electron  Microscopy  Shows  that  Mitochondria 
in  Brain  and  Heart  Are  Major  Targets  for  3NPA 
Toxicity 

Ultrastructural  evaluation  of  the  heart  revealed  129SVEMS 
mice  had  more  severe  damage  compared  to  the  C57BL/6 
mice.  129SVEMS  mice  showed  extensive  diffuse  myocar¬ 
dial  cellular  swelling  compared  to  mild,  multifocal  areas 
myocardial  swelling  in  the  hearts  of  C57BL/6  mice.  Acute 
ultrastructural  changes  included  cellular  swelling,  dis¬ 
rupted  myofilaments  and  markedly  swollen  mitochondria. 


Mitochondrial  swelling  may  have  occurred  early  in  the 
progression  of  pathology,  as  it  was  found  alone  in  many 
cardiomyocytes  without  cardiomyocyte  myofilament  dis¬ 
ruption  (Figure  3,  B  and  G).  Mitochondrial  swelling  al¬ 
ways  accompanied  cellular  swelling  and  disruption  of 
myofilaments  (Figure  3F). 

Ultrastructural  assessment  of  heart  and  brain  revealed 
a  temporal  relationship  between  the  injury  in  the  two 
organs.  Heart  ultrastructural  lesions  appeared  before 
caudate  putamen  infarction.  Some  mice  had  severe  heart 
damage  and  no  or  mild  caudate  putamen  injury.  In  the 
129SVEMS  mice,  in  cases  in  which  the  heart  damage 
was  extensive,  caudate  putamen  neurons  were  affected 
as  described  below  (Figure  4,  A  and  B). 

Caudate  putamen  from  3NPA-treated  mice  had  a  dis¬ 
tinctive  ultrastructural  pathology  at  a  timepoint  that  pre¬ 
ceded  infarction.  Damage  was  more  prominent  in 
129SVEMS  mice  compared  to  C57BL76  mice.  The  major 
ultrastructural  abnormalities  occurred  in  neurons  and 
could  be  classified  as  cell  body  or  axonal  degeneration. 
The  pathology  in  neuronal  cell  bodies  predominated  in 
the  dorsolateral  caudate  putamen.  The  neurons  were 
angular  rather  than  round,  suggesting  shrinkage  (Figure 
4,  A  and  B).  These  degenerating  neurons  had  a  very  dark 
and  granular  cytoplasmic  matrix  because  of  fine  parti¬ 
cles,  possibly  free  ribosomes,  within  the  cytoplasm.  Cy¬ 
toplasmic  vacuoles  were  present.  Most  of  the  vacuoles 
were  derived  from  swollen  mitochondria,  because  rem¬ 
nants  of  cristae  were  present  within  the  vacuole.  Other 
mitochondria  in  surrounding  neuropil  structures  ap¬ 
peared  normal.  The  Golgi  apparatus  was  also  swollen  in 
these  neurons.  These  abnormal  neuronal  cell  bodies  typ¬ 
ically  had  a  nucleus  with  a  dark  nucleoplasmic  matrix 
with  nascent  chromatin  condensation  along  the  nuclear 
envelope.  Many  dark  neurons  were  surrounded  partially 
by  swollen  astroglial  processes  characterized  by  a  pale 


Table  4.  Incidence  and  Severity  of  Myocardial  Hemorrhage  and  Mineralization  in  the  Most  Sensitive  (129SVEMS)  and  Least 
Sensitive  (C57BL/6)  Strain 


Strain/treatment 

group 

Number  of 
mice 

Hemorrhage  scores 

Mineralization  scores 

0 

1 

2 

3 

4 

0 

1 

2 

3 

4 

129  mice/3NPA 

7 

3 

1 

2 

1 

0 

5 

2 

0 

0 

0 

129  mice/saline 

6 

6 

0 

0 

0 

0 

6 

0 

0 

0 

0 

C57  mice/3NPA 

7 

6 

0 

1 

0 

0 

7 

0 

0 

0 

0 

C57  mice/saline 

6 

6 

0 

0 

0 

0 

6 

0 

0 

0 

0 

129SVEMS  and  C57BL/6  mice  were  treated  with  3NPA  (100  mg/kg.  2  doses  0  and  24  hours),  sacrificed  1  hour  after  the  2nd  dose,  and  lesions  were 
scored  and  analyzed. 
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Figure  4. 3NPA  treatment  induces  neuronal  degeneration  in  129SVEMS 
mice.  A  and  B  are  electron  micrographs  from  the  caudate  putamen  of  a 
129SVEMS  mouse  with  severe  myocardial  injury.  A;  A  dark  shrunken  degen¬ 
erating  caudate  putamen  neuron  (small  arrowhead)  adjacent  to  a  normal 
neuron  (Urge  arrowhead).  Adjacent  normal  myelinated  axons  are  at  the 
bottom  right  of  the  micrograph  (original  magnification,  X4000).  B:  Dark 
shrunken  neuron  (original  magnification,  X  10,000)  with  swollen  mitochon¬ 
dria  (small  box)  (original  magnification,  X  11,000)  and  adjacent  to  a  swollen 
astroglial  process  (large  box)  (original  magnification,  X  17,000).  This  cell 
can  be  identified  as  a  neuron  because  of  the  axosomatic  synaptic  junction 
(Inset,  top  left,  arrowhead). 

cytoplasmic  matrix,  few  organelles,  and  membranous 
cisterns.  In  the  caudate  putamen  of  C57BL/6  mice,  ax¬ 
onal  pathology  was  found  in  white  matter  bundles.  Indi¬ 
vidual  myelinated  axons,  found  among  normal  axons, 
were  prominently  dark.  These  abnormal  axons  had  a 
normal  caliber  and  normal  myelin  sheath  and  were  not 
dystrophic  but  contained  neurofilament  accumulations. 

3NPA  Induces  a  Reduction  in  Heart 
Mitochondrial  SDH  Activity  and  Oxygen 
Consumption  Rates 

Because  extensive  ultrastructural  mitochondrial  swelling 
was  observed  in  the  heart,  a  variety  of  mitochondrial 
metabolic  endpoints  were  examined  at  the  time  point 
used  in  the  ultrastructural  studies  to  verify  the  metabolic 
significance  of  the  mitochondrial  swelling.  SDH  activity 
was  measured  in  isolated  heart  mitochondria  from  saline- 
and  3NPA-treated  129SVEMS  and  C57BLV6  mice  in 
protocol  1.  Compared  to  the  controls,  3NPA-treated 
129SVEMS  mice  had  a  significant  decrease  in  SDH  ac¬ 


tivity  compared  to  the  3NPA-treated  C57BL/6  mice  (Fig¬ 
ure  5A).  Control  129SVEMS  mice  SDH  activity  was  sig¬ 
nificantly  higher  compared  to  the  control  C57BL/6  mice. 
Oxygen  consumption  rates  using  succinate  as  a  sub¬ 
strate  (SDH  substrate)  were  also  higher  in  the  129SVEMS 
mouse  controls  compared  to  the  C57BL/6  mice  (Figure 
5B).  This  is  consistent  with  the  finding  that  the  control 
129SVEMS  mice  have  a  higher  SDH  activity.  SDH  en¬ 
zyme  activity  and  oxygen  consumption  rates  were  signif¬ 
icantly  reduced  in  both  C57BL/6  and  129SVEMS  mice 
after  two  doses  of  100  mg/kg  3NPA  compared  to  the 
controls.  Oxygen  consumption  rates  were  significantly 
lower  in  the  129SVEMS  mice  compared  to  the  C57BL/6 
mice  after  only  one  dose  of  3NPA  suggesting  an  in¬ 
creased  metabolic  vulnerability  in  the  129SVEMS  strain  at 
this  earlier  time  point. 

3NPA  Induces  a  Significant  Reduction  of 
Cardiac  ATP  in  1 29SVEMS  Mice 

Other  metabolic  indices  were  analyzed  to  better  under¬ 
stand  mechanisms  underlying  interstrain  mortality  and 
morphological  differences.  We  hypothesized  that  heart 
ATP  values  could  predict  the  more  susceptible  strain. 
Because  there  was  no  current  example  in  the  literature  for 
freeze-clamping  the  mouse  heart  from  an  in  vivo  prepa¬ 
ration  to  analyze  ATP,  we  used  a  method  developed  for 
rats.  Intubated  and  room  air-ventilated  rats  have  been 
used  to  assess  whole  heart  ATP  levels.25  We  used  this 
method,  because  mice  that  were  not  intubated  in  our  pilot 
studies  had  low  ATP  values  in  all  treatment  groups.  Fig¬ 
ure  5C  summarizes  the  mean  ATP  values  from  3NPA- 
treated  mice  in  protocol  1.  Compared  to  129SVEMS 
controls,  only  3NPA-treated  129SVEMS  mice  had  signif¬ 
icantly  lower  ATP  values.  3NPA-treated  C57BL/6  mice 
did  show  the  trend  for  ATP  reduction,  although  it  did  not 
reach  a  0.05  level  of  significance. 


Discussion 

Genetic  differences  between  mouse  strains  can  modu¬ 
late  responses  to  various  perfusion  insults  or  tox¬ 
ins, 15-26*29  We  have  determined  that  mouse  strain  differ¬ 
ences  can  also  modulate  the  response  to  3NPA  toxicity 
based  on  mortality,  pathology,  and  biochemical  analysis. 
129SVEMS  and  FVB/n  mice  are  more  susceptible  to 
3NPA  compared  to  the  C57BL/6  and  BALB/c  mice  in 
acute  and  subacute/chronic  exposures.  This  pattern  of 
vulnerability  among  strains  is  the  same  pattern  found  in 
kainic  acid  toxicity.15  However,  unlike  the  kainic  acid 
study,  the  finding  of  cardiac  toxicity  with  3NPA  most  likely 
influences  the  pattern  of  mortality  seen  between  strains. 

We  used  a  mouse  3NPA-dosing  protocol  adapted  from 
that  of  Gould  and  Gustine7  from  the  original  3NPA  Swiss 
Webster  mouse  study.  We  modified  their  protocol  by 
lowering  the  3NPA  dose  from  120  mg/kg  to  100  mg/kg 
and  used  only  two  doses  given  24  hours  apart.  For  our 
protocol,  as  in  the  Gould  and  Gustine  protocol,  we  also 
did  not  neutralize  3NPA  solutions  before  injection.  The 
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Figure  5*  3NPA  induces  a  reduction  in  heart  mitochondrial  SDH  activity, 
oxygen  consumption,  and  heart  ATP  in  mice.  129SVEMS  and  C57BL/6  mice 
were  treated  with  3NPA  (protocol  1)  and  heart  mitochondria  were  isolated 
and  analyzed  for  SDH  activity  and  succinate  oxygen  consumption  rates. 
129SVEMS  and  C57B 1/6  mice  were  treated  with  3NPA  (protocol  1)  and  heart 
ATP  was  extracted  and  analyzed  by  HPLC.  A:  Significant  differences  were 
found  in  SDH  activity,  control  129SVEMS  versus  129SVEMS  3NPA-treated 
(P  <  0.001),  control  C57BI/6  versus  C57BL/6  3NPA-treated  (P  <  0.001), 
control  129SVEMS  versus  control  C57BI/6  (P  <  0.001).  B;  Significant  differ¬ 
ences  were  found  in  oxygen  consumption,  control  129SVEMS  versus 
129SVEMS  3NPA  one  dose,  and  two  doses  (P  <  0.001),  control  C57BI/6 
versus  C57BL/6  3NPA  two  doses  (P  <  0.001).  C:  Significant  difference  was 
Found  in  heart  ATP,  control  129SVEMS  versus  129SVEMS  3NPA  two  doses 
(P  <  0.05). 


acute  3NPA  dose  for  the  mouse  is  higher  than  the  acute 
3NPA  dose  for  the  rat  (30  mg/kg  for  two  or  three  injections 
on  consecutive  days  until  neurological  signs  appear). 
The  mechanisms  for  the  marked  differences  in  species 
(rat  versus  mouse)  in  3NPA  dose  exposure  required  for 
toxicity  are  not  known.  The  existence  of  a  3NPA  trans¬ 
porter  protein  with  differential  expression  between  spe¬ 
cies,  between  mouse  strains  and  tissues  could  explain 
the  differences  observed  in  3NPA  toxicokinetics.  Addi¬ 
tionally,  differences  in  mitochondrial  respiration/metabo¬ 
lism  and  in  the  requirement  for  ATP  varies  between  spe¬ 
cies  and  possibly  between  strains,  as  it  does  between 
tissues  and  this  may  have  an  effect  on  the  species  dif¬ 
ferences  seen  after  3NPA  exposure.  In  terms  of  potential 
cardiac  toxicity,  the  heart  rate  is  600  to  700  beats/minute 
in  the  mouse  and  300  beats/minute  in  the  rat,  thus  the 
mouse  may  be  more  susceptible  to  reductions  in  cardiac 
high  energy  phosphates  induced  by  3NPA.  In  humans 
poisoned  by  3NPA,  there  is  a  marked  interindividual  vari¬ 
ability  in  the  final  neuropathological  outcome  ranging 
from  diffuse  cerebral  edema  to  focal  striatal  dam¬ 
age  2,3Q“33  This  marked  interindividual  variability  in  hu¬ 
mans  reflects  that  seen  in  other  species  and  is  likely 
related  to  differences  in  3NPA  exposure,  toxicokinetics, 
genetic  variability,  and  pre-existing  disease. 

We  found  that  the  mouse  strain  susceptibility,  based 
on  mortality  and  pathology,  is  likely  driven  by  3NPA  car- 
diotoxicity  in  these  four  commonly  used  mouse  strains. 
All  mouse  strains  are  sensitive  to  3NPA,  although  the 
cumulative  dose  needed  to  cause  cardiac  toxicity  varies 
between  strains.  The  ultrastructural  changes,  including 
mitochondrial  swelling,  cellular  edema,  and  myofilament 
disruption,  are  more  severe  in  the  hearts  of  the  highly 
sensitive  129SVEMS  mice  compared  to  C57BL/6  mice, 
suggesting  the  increased  cardiac  damage  may  be  asso¬ 
ciated  with  the  increased  mortality  of  this  strain.  The  light 
microscopic  findings  of  cardiomyocyte  cellular  swelling, 
contraction  band  necrosis,  mineralization,  and  atrial 
thrombosis  are  consistent  with  significant  pathological 
abnormalities  seen  in  other  examples  of  cardiac  toxici- 
ties. 19,34-41  The  cardiac  toxin  doxorubicin  also  induces 
atrial  thrombosis  in  mice  42  The  formation  of  atrial  thrombi 
in  doxorubicin-induced  cardiomyopathy  is  thought  to  be 
associated  with  decreased  cardiac  contractility,  effecting 
blood  flow  dynamics  and  toxic  injury  to  the  atrial  cardio- 
myocytes  and  endothelial  surfaces.  These  mechanisms 
of  injury  are  likely  involved  in  3NPA  cardiac  toxicity. 

We  found  that  the  mouse  strain  susceptibility,  based 
on  mitochondrial  biochemical  studies,  is  likely  driven  by 
3NPA  cardiotoxicity  when  comparing  two  mouse  strains 
with  differential  sensitivity.  1 29SVEMS  mice  are  metabol- 
ically  more  impaired  at  an  earlier  time  point  compared  to 
C57BL/6  mice.  The  analysis  of  multiple  mitochondrial 
biochemical  endpoints  of  toxicity  at  the  time  point  used  in 
the  ultrastructural  studies  revealed  significant  differences 
between  the  strains  supporting  vulnerability.  SDH  en¬ 
zyme  activity  is  significantly  reduced  in  both  strains  after 
3NPA  treatment,  although  129SVEMS  mice  have  a 
greater  percent  reduction  compared  to  controls.  Notably, 
the  SDH  activity  is  constitutively  higher  in  this  strain  that 
correlates  with  the  higher  oxygen  consumption  rates  ob- 
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served  in  129SVEMS  mice  oxidizing  succinate  (the  sub¬ 
strate  for  SDH).  These  data  suggest  that  the  129SVEMS 
mouse  strain  may  rely  more  on  cardiac  SDH  activity. 
3NPA-treated  129SVEMS  mice  oxidizing  succinate  have 
a  significant  reduction  in  oxygen  consumption  after  one 
dose  of  3NPA  compared  to  C57BL/6  mice.  In  addition, 
heart  ATP  levels  are  significantly  reduced  in  129SVEMS 
mice  treated  with  3NPA  compared  to  controls.  These 
findings  correlate  well  with  the  129SVEMS  mice  strain  being 
more  susceptible  to  3NPA,  although  ATP  reduction  is  prob¬ 
ably  not  the  only  factor  involved  in  this  strain's  increased 
sensitivity  to  3NPA  compared  to  C57BU6  mice. 

Mitochondrial  toxicity  is  key  to  3NPA  neurotoxici- 
{yS, 43-54  ancj  seems  critical  in  3NPA  cardiac  toxicity. 
3NPA  induces  only  mitochondrial  swelling  in  some  car- 
diomyocytes.  In  more  severely  damaged  cells,  in  addi¬ 
tion  to  mitochondrial  swelling,  there  is  also  severe  disrup¬ 
tion  in  myofilaments.  This  suggests  that  3NPA-induced 
toxicity  in  the  cardiomyocyte  first  involves  damage  to 
mitochondria,  as  an  early  event  in  toxicity.  Further  dam¬ 
age  to  other  organelles  in  this  model,  may  be  a  sequelae 
of  mitochondrial  dysfunction. 

There  have  been  no  previously  published  studies  eval¬ 
uating  3NPA  in  vivo  cardiac  toxicity;  yet,  3NPA  has  been 
studied  in  various  in  vitro  cardiac  systems.  3NPA  is  a 
competitive  inhibitor  of  succinoferricyanide  oxidoreduc- 
tase  (another  name  for  SDH)  activity  of  Keilin-Hartree 
mitochondrial  particles  from  rat  heart.55  3NPA  is  slowly 
oxidized  by  SDH  and  its  oxidation  product  instanta¬ 
neously  and  irreversibly  inhibits  cardiac  SDH.7'9  Isolated 
rat  atria  incubated  with  3NPA  (10-4  mol/L)  in  an  organ 
bath  for  15  minutes  produced  bradycardia  and  signifi¬ 
cant  ATP  depletion  compared  to  controls.56  This  finding 
is  consistent  with  our  in  vivo  experiments  showing  that 
mice  treated  with  3NPA  have  a  significant  cardiac  ATP 
depletion  (129SVEMS  mice).  Isolated  control  heart  mito¬ 
chondria  exposed  to  3NPA  10-2  mol/L  for  a  30-minute 
incubation  produced  significant  reduction  of  02  con¬ 
sumption  in  the  presence  of  the  substrates  malate/gluta- 
mate  or  succinate.56  This  in  vitro  finding  also  parallels  our 
experiments  showing  in  vivo  3NPA  treatment  reduces 
oxygen  consumption  rates  in  heart  mitochondria  isolated 
from  treated  mice. 

Indirect  physiological  evidence  of  3NPA  cardiac  tox¬ 
icity  has  been  reported  such  as  models  showing  brady¬ 
cardia  and  a  reduction  in  contractile  force  in  the  guinea 
pig  atria,57  vasodilation  in  rabbit  aortic  rings,  and  hypo¬ 
tension  and  bradycardia  in  dogs.58  Consequently,  in  light 
of  our  more  direct  evidence  of  3NPA  inducing  cardiac 
damage,  there  is  substantial  evidence  that  3NPA  cardiac 
toxicity  has  the  potential  to  be  responsible  for  cardiac  dys¬ 
function  and  death  in  animals  exposed  to  this  toxin.  It  is  not 
known  if  sudden  death  in  mice  and  rats  treated  with  3NPA 
in  acute  and  chronic  models  (with  and  without  neurological 
signs)  reported  by  others  investigators  were  because  of 
3NPA-induced  cardiac  toxicity7'11'13,14,51,59'60.  In  our 
protocol,  comparable  to  Gould  and  Gustine’s7  acute  pro¬ 
tocol,  ultrastructural  evidence  of  cardiac  injury  is  ob¬ 
served  at  the  time  point  when  129SVEMS  mice  begin  to 
die  acutely,  before  any  significant  caudate  putamen 
damage  is  observed.  Caudate  putamen  infarction  never 


occurred  in  our  studies  (acute  and  subacute/chronic)  in 
the  absence  of  cardiac  toxicity.  Any  potential  relationship 
between  the  two  lesions  needs  to  be  addressed  in  future 
studies.  The  data  from  our  studies  show  that  cardiac 
toxicity  is  found  in  all  cases  of  acute  and  subacute/ 
chronic  3NPA  toxicity  in  the  mouse.  The  influence  of 
cardiac  toxicity  (inducing  decreased  cardiac  output)  on 
the  development  of  neurological  lesions  in  the  mouse  is 
not  known.  The  incidence  of  cardiac  toxicity  in  acute  and 
chronic  models  of  3NPA  toxicity  in  the  rat  is  unknown. 
Gould  and  Gustine7  suggested  in  the  original  mouse 
study,  that  because  3NPA  induced  a  dramatic  decrease 
in  cardiac  SDH  activity,  3NPA-induced  cardiac  injury,  if 
severe  enough,  may  decrease  cardiac  output  and  cause 
subsequent  caudate  putamen  ischemic  hypoxia-induced 
striatal  damage.  Gould  and  Gustine  reported  that  SDH 
activity  in  the  mouse  heart  was  reduced  to  13%  of  the 
controls  whereas  brain  SDH  activity  was  reduced  to  20% 
of  the  controls.  Cardiac  pathological  lesions  were  not 
reported  in  this  study,  although  it  was  not  clear  at  what 
time  point  heart  samples  were  collected  and  examined, 
possibly  only  after  one  dose.7  It  should  also  be  noted  that 
the  sites  of  lesions  found  in  the  Gould  and  Gustine7  3NPA 
mouse  study,  as  they  point  out,  are  similar  to  those  found 
as  a  result  of  hypoxia.61  In  one  of  the  first  studies  using 
3NPA  in  rats,  Hamilton  and  Gould50  observed  that  the 
neuronal  damage  produced  by  systemic  3NPA  histolog¬ 
ically  resembled  that  produced  either  by  kainic  acid,  hypo¬ 
glycemia,  or  ischemia.  Interestingly,  a  recent  model  of 
global  brain  ischemia  in  rats  produces  cell  loss  in  the  stri¬ 
atum  that  resembles  that  seen  in  Huntington's  disease.62 

In  general,  the  striatum  is  exquisitely  sensitive  to  isch¬ 
emia  and  hypoxia.62-69  The  proposed  reasons  for  this 
increased  sensitivity  of  the  striatum  to  hypoxia  and  isch¬ 
emia  are:  1)  glutamatergic  excitotoxicity  via  NMDA  re¬ 
ceptor  has  been  attributed  to  the  neuronal  cell  death  and 
oxidative  stress  in  this  area70  71;  2)  the  architecture  of  the 
blood  supply  to  the  striatum  is  predominantly  end-arterial 
with  few  collateral  vessels,  so  this  region  is  susceptible  to 
changes  in  nutrient  perfusion  and  oxygen  delivery72,73;  3) 
the  unique  connectivity  and  the  level  of  oxidative  metab¬ 
olism  of  the  striatum74;  and  4)  the  striatum  is  a  region  in 
the  brain  where  massive  glutamateric  inputs  and  dopa¬ 
minergic  inputs  converge.  Dopamine  and  glutamate  are 
important  neurotransmitters  in  the  brain,  but  when  con¬ 
comitantly  over  released,  each  acts  as  a  potent  neuro¬ 
toxin.75  In  fact,  the  mechanisms  attributed  to  the  stria¬ 
tum's  generalized  vulnerability  to  ischemia  and  hypoxia 
are  consistent  with  those  mechanisms  found  responsible 
in  the  pathogenesis  of  3NPA  striatal  neurotoxicity. 

Global  brain  ischemia/hypoxia  with  striatal  damage76 
and  increased  blood  brain  barrier  permeability77  can  be 
induced  by  heart  failure.  Oxidative  stress  is  a  potential 
outcome  of  brain  hypoperfusion.78-80  Interestingly,  in¬ 
creased  protein  carbonyls  groups  indicative  of  oxidative 
stress  are  demonstrated  in  the  cortex  and  the  striatum  of 
3NPA-treated  rats81  suggesting  a  more  global  brain 
3NPA  effect.  Thus,  3NPA  intrinsic  striatal  neurotoxicity 
needs  to  be  addressed  in  future  studies  in  the  absence  of 
3NPA  cardiac  toxicity  to  rule  out  the  potential  influence  of 
cardiac  dysfunction  and  any  subsequent  possible  striatal 
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hypoperfusion  (ischemia/hypoxia)  that  may  occur  in  the 
3NPA  neurotoxicity  mouse  model.  It  is  not  known  if  3NPA 
cardiac  toxicity-induced  deaths  observed  in  mice  in  a 
chronic  model  of  3NPA  toxicity  developed  by  Ouary  and 
colleagues,14  although  we  observed  chronic  cardiac  in¬ 
jury  in  mice  exposed  to  3NPA  daily  for  21  days. 

3NPA  may  have  an  intrinsic  toxic  effect  (direct  or  indi¬ 
rect)  on  the  striatum  through  its  effects  on  the  function  of 
the  lateral  striatal  artery.  The  potential  for  a  focal  disrup¬ 
tion  of  blood  flow  dynamics  involving  the  lateral  striatal 
artery  should  be  considered.  The  blood  brain  barrier  of 
the  lateral  striatal  artery  and  its  tributaries  is  disrupted  in 
3NPA  toxicity  models44,73  as  well  as  in  cardiac  arrest/ 
resuscitation  models77  demonstrating  the  increased  sen¬ 
sitivity  of  this  artery  to  conditions  of  cardiac  dysfunction 
induced  hypoxia/ischemia  and  3NPA  metabolic  inhibi¬ 
tion.  The  mechanisms  involved  in  this  blood  brain  barrier 
disruption  are  unknown.  Additionally,  intermittent  cortical 
vasospasms  have  been  observed  after  cardiac  arrest 
and  global  brain  ischemia82,83  and  the  potential  of  striatal 
vasospasms  was  not  evaluated  in  these  studies.  3NPA 
produces  bradycardia  and  systemic  hypotension  and 
vasodilation,57,84  although  regional  striatal  blood  flow  dy¬ 
namics  have  not  been  studied.  It  would  be  important  to 
evaluate  striatal  blood  flow  in  3NPA  toxicity,  especially  in 
light  of  cardiac  dysfunction,  to  possibly  shed  light  on  the 
heightened  vulnerability  of  the  lateral  striatal  artery  and 
the  striatum. 

The  finding  of  strain  dependency  in  3NPA-induced 
toxicity  is  significant  because  the  mouse  strains  tested  in 
this  study  are  commonly  used  as  background  strains  for 
transgenic  and  knockout  mice.  For  the  construction  of 
knockout  mice,  129SVEMS  mice  are  most  commonly 
used  as  the  source  of  the  embryonic  stem  cells.  After 
successful  gene  targeting,  embryonic  stem  cells  are  rou¬ 
tinely  implanted  in  the  blastocysts  of  C57BL76  mice.85 
FVB/n  mice  are  also  used  for  the  construction  of  trans¬ 
genic  mice  because  they  have  large  ova  that  are  easily 
microinjected  with  DNA.  BALB/c  mice  are  also  used  as  a 
background  strain  for  nude  mice.  Differences  in  the 
mouse  strain  genetic  background,  especially  if  more  than 
a  single  parent  strain  is  included,  can  greatly  influence 
the  expression  of  transgenes  and  phenotype  of  knockout 
mice.  Thus,  a  better  understanding  of  mouse  genetics 
and  phenotypes  will  improve  our  design  and  interpreta¬ 
tion  of  studies  using  genetically  engineered  mice. 

This  3NPA  model  of  cardiac  toxicity  could  be  a  valu¬ 
able  tool  for  understanding  many  issues  in  cardiac  patho¬ 
physiology  including  the  mitochondria’s  role  in  cardiac 
cell  death  (apoptosis  and  necrosis),  oxidative  stress,  and 
chemical  preconditioning.  3NPA  is  known  for  its  profound 
preconditioning  effects  at  low  doses  (1/25  of  the  LD-50 
dose,  ie,  gerbils)  to  protect  against  subsequent  brain 
ischemia  in  various  rodent  models.86-90  Recently  it  was 
found  that  low  doses  of  3NPA  (1  mg/kg)  induces  precon¬ 
ditioning  and  protection  in  the  heart  when  given  before 
ischemia/reperfusion  in  rabbits.91  The  stress  signals  (ie, 
ATP  depletion  and  reactive  oxygen  species  production) 
that  are  induced  in  3NPA  toxicity  may  likely  be  the  same 
signals  that  induce  the  preconditioning  effect.  Thus  at 
high  doses,  3NPA  is  toxic  to  the  brain  and  heart  and  at 


low  doses,  3NPA  may  be  beneficial  to  the  brain  and 
heart.  The  plant  Astragalus  called  “Huang-Qi"  in  Chinese 
herbal  medicine,  known  for  containing  3NPA,  has  been 
used  for  centuries  to  precondition  the  heart.  It  is  not 
known  if  the  3NPA  in  Astragalus  is  inducing  this  cardiac 
protective  effect. 

Remarkedly,  there  are  few  models  of  chemical  cardiac 
toxicity.  Of  those  that  are  well  studied,  mitochondrial 
toxicity  seems  to  be  of  great  importance  in  the  heart. 
Fluoroacetate  (1080),  a  rodenticide  and  an  inhibitor  of 
mitochondrial  citric  acid  cycle  enzymes  aconitase  and 
SDH,  similar  to  3NPA,  induces  damage  in  the  heart  and 
the  brain  depending  on  the  species  studied.37,92,93  A 
second  cardiac  toxin,  Doxorubicin  (adriamycin)  has  been 
shown  to  redox  cycle  at  complex  I  producing  mitochon¬ 
drial  superoxide,  which  subsequently  damages  various 
complexes  of  the  electron  transport  chain.94,95  Thus  for 
its  effects  on  the  heart,  3NPA  may  be  another  useful 
compound  to  study  cardiac  mitochondrial  toxicity  and 
preconditioning. 
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Abstract.  Amyotrophic  lateral  sclerosis  (ALS),  also  referred 
to  as  motor  neurone  disease,  is  a  fatal  neurological  disease  that 
is  characterized  clinically  by  progressive  muscle  weakness, 
muscle  atrophy,  and  eventual  paralysis.  The  neuropathology 
of  ALS  is  primary  degeneration  of  upper  (motor  cortical)  and 
lower  (brainstem  and  spinal)  motor  neurons.  The  amyotrophy 
refers  to  the  neurogenic  atrophy  of  affected  muscle  groups,  and 
the  lateral  sclerosis  refers  to  the  hardening  of  the  lateral  white 
matter  funiculus  in  spinal  cord  (corresponding  to  degeneration 
of  the  corticospinal  tract)  found  at  autopsy.  Because  the 
mechanisms  for  the  motor  neuron  degeneration  in  ALS  are  not 
understood,  this  disease  has  no  precisely  known  causes  and 
no  effective  treatments.  Very  recent  studies  have  identified 
that  the  degeneration  of  motor  neurons  in  ALS  is  a  form  of 
apoptotic  cell  death  that  may  occur  by  an  abnormal 
programmed  cell  death  (PCD)  mechanism.  In  order  to  treat 
ALS  effectively,  we  need  to  understand  the  mechanisms  for 
motor  neuron  apoptosis  more  completely.  Future  studies  need 
to  further  identify  the  signals  for  PCD  activation  in  neurons 
as  they  relate  to  the  pathogenesis  of  ALS  and  to  clarify  the 
molecular  pathways  leading  to  motor  neuron  apoptosis  in 
animal  and  cell  culture  model  systems.  These  studies  should 
lead  to  a  better  understanding  of  motor  neuron  death  and  to 
the  design  of  new  therapeutic  experiments  critical  for  the  future 
treatment  of  ALS. 
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1.  Introduction 

ALS  is  a  human  disease  clinically  characterized  by  progressive 
weakness,  muscle  atrophy,  and  eventual  paralysis  and  death 
within  3-5  years  of  clinical  onset  (1).  It  is  one  of  the  most 
common  neurodegenerative  diseases  with  an  adult  onset, 
having  an  incidence  of  1-2  per  100,000  individuals.  This 
disease  is  neuropathologically  characterized  by  progressive 
degeneration  of  upper  and  lower  motor  neurons  in  the  brain 
and  spinal  cord.  The  mechanisms  leading  to  degeneration  of 
motor  neurons  in  ALS  are  not  understood.  Two  major  forms 
of  ALS  exist:  idiopathic  (sporadic)  and  heritable  (familial). 
The  vast  majority  of  ALS  cases  are  sporadic  with  no  known 
genetic  component.  The  familial  forms  of  ALS  (FALS)  are 
autosomal  dominant  and  make  up  about  10-20%  of  all  ALS 
cases.  In  a  subset  of  familial  ALS  cases  (about  5-10%), 
missense  mutations  have  been  identified  (2)  in  the  gene  for 
superoxide  dismutase  1  (SOD1,  also  known  as  Cu,Zn  SOD). 

A  variety  of  hypothesis  (Table  I)  have  been  proposed  for 
the  possible  causes  of  neuronal  death  in  ALS,  including  SOD1 
mutations,  abnormal  uptake  of  excitatory  amino  acids  leading 
to  glutamate  receptor-mediated  excitotoxicity,  deficiencies  in 
neurotrophic  factors,  DNA  damage,  and  autoimmunity. 
Recently,  this  laboratory  (3)  has  provided  strong  evidence 
that  motor  neuron  degeneration  is  due  to  an  anomalous 
activation  of  programmed  cell  death  (PCD).  A  better 
understanding  of  the  pathogenesis  of  neuronal  degeneration 
in  this  disease  and  in  animal  models  that  mirror  this 
degeneration  of  motor  neurons  found  in  ALS  is  critical  for 
the  future  development  of  effective  therapies  for  patients 
with  ALS. 

2.  ALS  and  mutant  SOD1 

Mutations  have  been  identified  in  the  SOD1  gene  in  a  small 
subset  of  individuals  with  FALS  (2,4).  Thus,  most  current  ideas 


Table  I.  Some  leading  theories  about  motor  neuron 
degeneration  in  ALS. 


Mechanism 

Comment 

SODl  mutation 

Found  in  a  subset  of  FALS  cases. 
Resulting  in  a  toxic  gain-in-function 
or  modified  stability  of  SODl 

Excitotoxicity 

Resulting  from  abnormal  glutamate 
receptor  activation  and  defects  in 
glutamate  transport 

Neurotrophin 

withdrawal 

Resulting  from  insufficient  muscle 
cell-  or  glial  cell-derived  trophic 
support  or  defective  neurotrophin 
receptor  signaling 

DNA  damage/ 
repair  defects 

Resulting  from  oxidative  stress  or 
inefficient  DNA-repair  enzyme 
function.  May  involve  both 
mitochondrial  and  nuclear  DNA 
damage 

Autoimmunity 

Resulting  from  autoantibodies  to 
motor  neuron  antigens 

Aberrant  programmed 
cell  death 

May  be  triggered  by  all  of  the  above 
mechanisms 

ALS  center  on  the  mutant  forms  of  SODl  found  in  FALS. 
Because  SOD1  is  widely  expressed  in  cells  throughout  the 
body,  and  in  CNS  tissue  the  expression  is  very  ubiquitous  (5), 
the  basis  for  the  selective  vulnerability  of  motor  neurons  in  the 
presence  of  SOD  1  mutations  is  not  clear.  Initial  experiments 
suggested  that  mutations  in  SOD1  lead  to  motor  neuron 
degeneration  by  decreasing  its  enzymatic  activity,  resulting 
in  toxic  effects  of  superoxide  radicals  inefficiently  scavenged 
by  mutant  SOD1  (4).  This  hypothesis  was  supported  by  the 
finding  that  down-regulation  of  SOD1  causes  apoptosis  in 
neuronal  cell  cultures  (6)  and  in  slice  cultures  of  spinal  cord  (7), 
and  by  the  observation  that  microinjected  normal  wild-type 
SOD1  can  delay  apoptosis  in  cultured  neurons  deprived  of 
trophic  factors  (8).  However,  it  was  observed  that  FALS-linked 
mutations  in  SOD1  do  not  generally  impair  enzymatic  activity, 
but  instead  decrease  protein  stability  (9).  More  recently,  it  has 
been  proposed  that  mutant  SOD1  acquires  a  neurotoxic  gain 
in  function.  Mutations  in  SOD1  may  convert  this  enzyme 
from  a  protein  with  antioxidant-antiapoptotic  functions  to  a 
protein  with  apoptosis-promoting  effects  (10).  In  addition  to 
the  dismutation  of  superoxide,  SOD1  also  has  peroxidase 
activity,  and  this  peroxidase  activity  is  enhanced  in  mutant 
SOD1  compared  to  normal  SOD1  (11).  This  gain-of-funetion 
may  lead  to  enhanced  production  of  hydroxyl,  superoxide,  and 
peroxynitrite  radicals  (11,12).  SOD1  catalyzes  the  nitration  of 


specific  tyrosine  residues  in  protein  by  peroxynitrite,  which, 
may  contribute  to  the  damaging  gain-of-function  resulting  from 
SOD1  mutations  (12).  Neurofilaments  are  major  structural 
proteins  in  motor  neurons  and,  notably,  neurofilament  L  is  a 
target  of  tyrosine  nitration  by  peroxynitrite  (13).  Other  studies 
have  revealed  that  Zn24  affinity  of  mutant  SOD1  is  decreased 
and  that  neurofilament  L  binds  Zn2+  with  sufficient  affinity  to 
capture  this  cofactor  from  mutant  and  wild-type  SOD1  (14). 
The  loss  of  Zn2+  from  wild-type  SOD1  dramatically  increases 
its  efficiency  for  catalyzing  peroxynitrite-mediated  tyrosine 
nitration  (14).  Although  neurofilament  L  is  particularly 
susceptible  to  peroxynitrite-mediated  nitration,  tyrosine 
nitration  of  this  protein  is  not  elevated  in  spinal  cords  of 
sporadic  ALS  cases  compared  to  controls  (15).  These  altered 
properties  of  mutant  SOD1  have  not  yet  been  causally-linked 
specifically  to  motor  neuron  damage  in  ALS.  However,  these 
observations  are  relevant  to  our  recent  findings  that  motor 
neuron  degeneration  in  sporadic  ALS  and  FALS  is  apoptosis 
(3)  and  that  induced  apoptosis  of  motor  neurons  in  animal 
models  is  associated  with  peroxynitrite  formation  and  hydroxyl 
radical  damage  to  DNA  (16). 

Motor  neuron  degeneration  occurs  in  mice  with  forced 
expression  of  mutant  forms  of  the  gene  encoding  for  SOD1 
(17,18).  The  motor  neuron  degeneration  found  in  transgenic 
mice  overexpressing  the  FALS  mutant  forms  of  SOD1  (17-19) 
is  different  structurally  from  the  degeneration  of  motor  neurons 
in  sporadic  and  FALS  (3).  Rather  than  being  a  condensational 
form  of  death,  these  mouse  motor  neurons  become  swollen  and 
severely  vacuolated.  Neither  morphological  nor  biochemical 
evidence  for  apoptotic  death  of  motor  neurons  has  been  shown 
in  any  of  the  SODl  transgenic  mouse  models  of  ALS,  and  it  is 
still  uncertain  whether  motor  neurons  in  these  mouse  models 
die  or  whether  they  remain  in  a  severely  vacuolated,  atrophic 
state,  similar  to  neurons  in  some  models  of  axotomy  and 
excitotoxicity  (20,21).  Although,  the  survival  of  FALS  mice  is 
prolonged  when  crossed  with  mice  overexpressing  Bcl-2  (22) 
or  a  dominant  negative  inhibitor  of  caspase-1  (23),  the 
degeneration  of  motor  neurons  is  not  prevented  (22),  suggesting 
that  neuronal  degeneration  in  FALS  mice  is  not  apoptosis 
controlled  by  PCD  mechanisms.  The  vacuolar  and  edematous 
degeneration  of  motor  neurons  in  mice  overexpressing  mutant 
SODl  (17-19)  more  closely  resembles  excitotoxic  neuro¬ 
degeneration  (24,25)  or  transsynaptic  neuronal  atrophy  (but 
not  death)  induced  by  deafferentation  (20,21).  It  is  possible  that 
the  prominent  neuropathological  dissimilarity  between  motor 
neuron  degeneration  in  existing  transgenic  mouse  models  and 
in  ALS  is  related  to  differences  in  the  level  of  mutant  SODl 
expression  and  the  rate  of  neuronal  degeneration.  We  have 
found  that  rate  of  neuronal  injury  influences  the  cell  death 
pathway,  with  neuronal  necrosis  evolving  acutely  and  neuronal 
apoptosis  progressing  more  slowly,  despite  similar  mechanisms 
such  as  oxidative  stress  (26). 

3.  Excitotoxicity  and  neurodegeneration  in  ALS 

The  amino  acid  glutamate  is  the  major  excitatory  neuro- 
transmitter  in  the  CNS.  Glutamate  functions  in  synaptic 
neurotransmission  by  activating  glutamate  receptors  (GluRs). 
Excessive  activation  of  subtypes  of  GluRs  is  excitotoxic  to 
neurons  (25-28).  GluR-mediated  excitotoxicity  has  been 
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proposed  to  explain  the  patterns  of  selective  neuronal  cell  death 
and  clinical  manifestations  of  ALS.  This  hypothesis  is  based 
on  several  different  lines  of  evidence:  an  exogenous  glutamate 
analogue  may  be  responsible  for  the  damage  to  upper  motor 
neurons  in  lathyrism  via  actions  at  specific  GluR  subtypes  (29); 
abnormalities  in  brain  tissue  excitatory  amino  acid  metabolism 
may  participate  in  the  pathogenesis  of  Huntington's  disease 
and  olivopontocerebellar  atrophy  (two  slowly  progressive, 
chronic  neurodegenerative  disorders  with  selective  neuronal 
vulnerability)  (30,31);  serum  and  cerebrospinal  fluid 
concentrations  of  glutamate  have  been  found  to  be  increased  in 
patients  with  sporadic  ALS  in  some  studies  (32-34),  although 
not  in  other  studies  (35,36);  spinal  cord  and  affected  brain 
regions  of  patients  with  ALS  have  decreased  synaptosomal 
glutamate  uptake  (37,38);  the  protein  levels  of  glutamate 
transporter  GLT1  are  decreased  in  vulnerable  regions  in  ALS 
(39);  abnormal  RNA  processing  of  GLT1  transcripts  may  occur 
in  some  cases  of  ALS  (40),  although  other  groups  have  found 
these  ‘aberrant’  forms  of  GLT1  transcripts  in  controls  (41,42); 
and,  lastly,  the  antiglutamate  agent  riluzole  may  slow  the 
progression  of  ALS  and  improve  survival  of  patients  (43). 

It  still  has  not  been  determined  satisfactorily  if  these 
changes  in  glutamate  levels  and  glutamate  uptake  are  primary 
or  secondary  to  the  disease  process  in  ALS.  For  example, 
defects  of  glutamate  transporter  subtypes  in  ALS  (37,38)  could 
reflect  a  primary  loss  or  inactivation  of  proteins  or  secondary 
effects  of  neurodegeneration.  Neuronal  cells  have  an  important 
modulatory  role  in  astroglial  GLT1  expression  because  neurons 
liberate  soluble  factors  that  signal  astroglial  expression  of 
GLT1  mRNA  and  protein  (44)  and,  thus,  neuronal  loss  or 
synaptic  deafferentation  may  cause  a  downregulation  of  GLT1 
expression  (45,46).  Therefore,  the  argument  for  glutamate 
excitotoxicity  resulting  from  GLT1  loss  or  downregulation  as 
a  primary  mechanism  for  neurodegeneration  in  ALS  is,  as  yet, 
only  speculation,  but  glutamate  toxicity  could  contribute  to 
the  death  of  motor  neurons  even  if  alterations  in  GluRs  or 
transporters  are  secondary  changes. 

The  mechanisms  through  which  activation  of  neuronal 
GluRs  cause  cell  death  involve  alterations  in  cytosolic  free  Ca*+ 
homeostasis  and  activation  of  CaJ*-sensitive  proteases,  protein 
kinases,  endonucleases,  lipases,  and  phospholipases  (28,47). 
The  acute  effects  of  GluR  excitotoxicity  have  been  much  better 
defined  than  the  delayed  effects  on  neurons,  whereas  the 
relationships  between  GluR-mediated  excitotoxicity  and 
neuronal  death  in  slow,  chronic  neurodegeneration  are  only 
speculative.  The  delayed  onset  of  neurodegeneration  in  patients 
with  ALS  could  be  related  synergistically  to  progressive 
impairments  in  mitochondrial  oxidative  phosphorylation  that 
accompany  aging  (48),  to  mutations  in  SOD1  and  ensuing 
chronic,  age-related  intracellular  damage  by  reactive  free 
radicals  (4),  or  to  cumulative,  age-related  dysfunctional 
regulation  of  glutamate  release,  transport,  and  GluR  activation 
(27,28,47,48).  This  possible  synergism  between  abnormalities 
is  exemplified  by  a  study  revealing  that  SOD1  mutations  linked 
to  FALS  cause  free  radical  damage  to  GLT 1  and  transporter 
inactivation  (49). 

However,  like  the  patterns  of  SOD1  expression  inCNS  (5), 
neither  differential  subunit  compositions  of  ion  channel  GluRs 
(AMPA  and  NMDA  receptors)  nor  differential  expressions 
of  glutamate  transporters  appear  to  explain  sufficiently  the 


mechanisms  that  dictate  the  selective  vulnerability  of  neurons 
in  motor  cortex  and  motor  neurons  in  brainstem  and  spinal  cord 
in  ALS.  This  Conclusion  is  based  on  many  glutamate  receptor/ 
transporter  expression  and  localization  studies  in  animal  and 
human  CNS  (50-57).  The  most  convincing  data  indirectly 
implicating  excitotoxicity  as  having  a  role  in  the  pathogenesis 
of  ALS  is  the  selective  loss  of  the  glutamate  transporter  GLT1 
in  vulnerable  regions  in  ALS  (38,39).  However,  loss  of 
synaptosomal  glutamate  uptake  and  loss  of  GLT1  protein 
also  occur  in  Alzheimer’s  disease  (58,59). 

Experimental  neuropathological  studies  have  shown  the 
possible  consequences  of  glutamate  uptake  failure  in  the 
regulation  of  extracellular  glutamate  and  neuronal  survival  in 
the  CNS.  For  example,  injection  of  the  glutamate  transporter 
inhibitor  threo-3-hydroxy-DL-aspartate  into  rat  striatum  causes 
neurodegeneration  (60).  Mice  genetically  deficient  in  GLT1, 
although  they  develop  normally  without  motor  neuron 
degeneration,  are  more  susceptible  to  edema  formation  than 
wild-type  mice  in  a  model  of  cold  injury  to  the  cerebral  cortex 
(61).  Nevertheless,  the  data  in  ALS  is  still  indirect  evidence  for 
GluR-mediated  excitotoxicity,  and  it  is  still  uncertain  whether 
glutamate  transporter  changes  are  related  to  the  consequences 
of  the  disease  or  whether  abnormalities  in  glutamate 
transporters  and  potential  GluR  excitotoxicity  contribute 
mechanistically  to  the  pathogenesis  of  ALS. 

Most  patients  with  ALS  are  maintained  on  mechanical 
ventilation,  as  a  means  of  relieving  symptoms  of  chronic  hypo¬ 
ventilation  and  prolonging  life,  but  patients  die  eventually 
from  respiratory  insufficiency  (62).  It  has  been  argued  that 
riluzole  improves  the  survival  of  ALS  patients  by  acting  as  a 
Na+  channel  blocker  and  increasing  resistance  to  hypoxia  (by 
reducing  energy  demand),  not  by  anti-excitotoxic  actions 
(63).  Interestingly,  there  is  in  vivo  evidence  that  GLT1  is 
preferentially  more  sensitive  to  cerebral  hypoxia-ischemia 
than  other  glutamate  transporters  in  animal  models  (45,64).  It 
is  also  important  to  note  that  loss  of  glutamate  transporter 
function  and  accumulation  of  extracellular  glutamate  does  not 
necessarily  lead  to  neurodegeneration  (46,65-67).  We  also 
found  that  GluR-mediated  excitotoxicity  in  adult  CNS  kills 
neurons  by  a  mechanism  that  is  different  structurally  from 
the  pattern  seen  in  ALS  (3,21,24).  Thus,  it  is  possible  that 
changes  in  astroglial  glutamate  transporters  in  individuals 
with  ALS  are  possibly  consequences  of  neurodegeneration, 
or,  alternatively,  these  alterations  are  related  to  premortem 
agonal  state. 

4.  ALS  and  neuronal  cell  death 

Cellular  degeneration  can  result  in  atrophy  or  death.  Insults 
to  neurons  do  not  necessarily  lead  to  ceil  death.  In  the  CNS, 
neurons  can  survive  an  insult  and  exist  chronically  in  an 
altered,  atrophic  state  (20,21).  In  ALS,  motor  neurons  die 
unequivocally  and  are  eliminated  (3).  The  process  and 
molecular  causes  of  motor  neuron  death  in  individuals  with 
ALS  are  not  fully  understood. 

Cell  death  can  occur  by  different  pathways.  Depending  on 
the  type  of  cell  and  on  the  stimulus,  cells  die  typically  in  either 
of  two  ways,  generally  described  as  apoptosis  or  necrosis 
(26,68,69).  These  two  forms  of  cell  death  are  thought  to  differ 
fundamentally  in  structure  and  mechanisms.  Apoptosis  is  a 


6 


|V|rtl\  I  111  Cl  1*1.  |Y|*_#\_I  ini  UUKIU  •  V/H  I  ■*! 


structurally  organized  PCD  that  is  mediated  by  active,  intrinsic 
mechanisms.  However,  PCD  does  not  mean  that  the  death  is 
purely  genetic  and  independent  of  epigenetic  or  environmental 
signals.  For  instance,  PCD  is  often  dependent  on  a  variety 
trophic  factors  and  cell-cell  interactions.  In  contrast,  cellular 
necrosis  is  though  to  be  mechanistically  and  structurally  a 
more  rapid  and  random  degeneration  resulting  from  abrupt 
pathophysiological  perturbations  (e.g.,  osmotic,  thermal,  toxic, 
or  traumatic)  involving  energy  depletion,  disruption  of 
plasma  membrane  structural  and  functional  integrity,  rapid 
influx  of  Na+,  Ca2+  and  water,  and  failure  of  cell  volume 
homeostasis. 

However,  within  the  realm  of  neuronal  cell  death 
structure,  ‘shades  of  gray’  can  be  observed  (24,26,69,70). 
Our  experiments  using  an  animal  model  of  excitotoxic 
degeneration  of  neurons  led  to  the  novel  concept  of  an 
apoptosis-necrosis  continuum  for  neuronal  death  in  vivo 
(24,70).  We  concluded  that  excitotoxic  death  of  neurons  does 
not  have  to  be  strictly  apoptosis  or  necrosis,  according  to  a 
traditional  binary  classification  of  cell  death  structure,  but  it  can 
also  occur  as  intermediate  or  hybrid  forms  of  cell  death  with 
coexisting  characteristics  that  lie  along  a  structural  continuum 
with  apoptosis  and  necrosis  at  the  extremes.  Features  such  as 
the  subtypes  of  GIuR  that  are  activated  influence  where  a 
dying  neuron  falls  along  this  continuum.  Therefore,  excitotoxic 
neuronal  death  may  not  be  identical  in  every  neuron,  possibly 
because  of  the  high  diversity  in  the  expression,  localization, 
and  function  of  GluR  subtypes  and  second  messenger  systems 
in  the  CNS  (50-57).  We  also  discovered  that  the  structure  of 
neuronal  death  is  influenced  by  CNS  maturity,  because  death 
of  injured  adult  neurons  only  rarely  occurs  with  apoptotic 
structural  features  that  are  identical  to  those  seen  during 
naturally  occurring  PCD  in  the  developing  nervous  system 
(26,69).  Thus,  our  concept  of  the  apoptosis-necrosis  structural 
continuum  for  neuronal  cell  death  may  be  relevant  ultimately 
for  understanding  neuronal  death  in  neurodegenerative 
disorders. 

5.  Apoptosis  contributes  to  the  neuronal  death  in  ALS 

The  ongoing  identification  of  genetic  and  molecular  regulatory 
mechanisms  for  PCD  (Table  II)  has  fueled  the  idea  that 
abnormalities  in  the  expression  and  functioning  of  cell  death 
proteins  may  activate  anomalous  neuronal  death  in  neuro¬ 
degenerative  diseases  (26,69,71-73).  This  possibility  is 
supported  by  the  finding  that  the  genes  for  neuronal  apoptosis 
inhibitory  protein  and  survival  motor  neuron  are  either  deleted 
partially  or  are  mutant  in  some  individuals  with  spinal  muscular 
atrophy  (a  pediatric  form  of  motor  neuron  disease)  (72,74). 
However,  it  has  been  uncertain  whether  the  neurodegeneration 
in  ALS  is  apoptosis  and  is  related  causally  to  abnormalities  in 
the  molecular  regulation  of  cell  death  and  whether  it  is  PCD. 

We  therefore  evaluated  critically  the  structure  of 
degenerating  motor  neurons  in  postmortem  cases  of  ALS  and 
determined  that  it  is  a  form  of  apoptosis  (3).  Interestingly,  the 
nuclear  morphology  of  degenerating  motor  neurons  in 
individuals  with  ALS  is  not  identical  to  classical  neuronal 
apoptosis  found  in  the  developing  CNS  (26)  or  to 
excitotoxicity-induced  neuronal  apoptosis  in  the  developing 
brain  (26).  Therefore,  we  have  concluded  that  the  death  of 


Table  II.  Molecular  regulation  of  apoptosis. 


Bcl-2  family  Caspase  IAP 

family  family 

Antiapoptotic  Proapoptotic 
proteins  proteins 


Bcl-2’ 

Bax’ 

Apoptosis 
‘initiators’: 
caspase-2,  -8, 

-9,  -10 

NAIP 

Bcl-xLb 

Bak" 

Apoptosis 
‘executioners’: 
caspase-3*,  -6,  -7 

IAP1 

Boo 

Bcl-xs 

Cytokine 

IAP2 

Bad 

processors: 

Bid 

caspase- 1,  -4, 

Bik 

-5,-11,12,-14 

XI AP 

Mtd 

•Identifies  proteins  that  have  been  shown  to  be  abnormal  in 
individuals  with  ALS  (3).  Identifies  proteins  that  have  been  shown 
to  be  unchanged  in  ALS  (3). 


neurons  in  ALS  is  a  form  of  apoptosis  that  may  differ  slightly 
from  classical  apoptosis  at  the  structural  level  (3).  This  inter¬ 
pretation  is  consistent  with  the  concept  that  neuronal  maturity, 
magnitude  of  target  deprivation,  and  rate  (i.e.,  progression  or 
timing)  of  neuronal  death  may  influence  the  structure  of  dying 
cells  (26). 

We  also  found  that  in  selectively  vulnerable  CNS  regions 
in  individuals  with  ALS  compared  to  age-matched  controls, 
the  proapoptotic  proteins  Bax  and  Bak  are  elevated  in  the 
mitochondrial-enriched  membrane  compartment  but  are 
reduced  or  unchanged  in  the  cytosol  (3).  In  contrast,  the 
antiapoptotic  protein  Bcl-2  is  decreased  in  the  mitochondrial- 
enriched  membrane  compartment  of  vulnerable  regions  in 
ALS  but  is  increased  in  the  cytosol.  Coimmunoprecipitation 
experiments  demonstrated  that  Bax-Bax  interactions  are 
greater  in  the  mitochondrial-enriched  membrane  compartment 
of  ALS  motor  cortex  compared  to  controls,  whereas  Bax-Bcl-2 
interactions  are  decreased  in  the  membrane  compartment  of 
ALS  motor  cortex  compared  to  controls.  We  also  found  that 
caspase-3  is  activated  in  ALS.  Abnormalities  were  not  found 
in  somatosensory  cortex  of  ALS  cases.  These  measurements 
were  made  on  discretely  microdissected  punches  throughout 
the  entire  lumbar  and  cervical  spinal  cord  as  well  as  the  motor 
and  sensory  cortical  grey  matter  mantles:  The  spinal  cord  and 
motor  cortical  samples  were  as  selective  for  motor  neuron 
populations  as  possible  without  the  aid  of  laser  capture 
microscopy.  Thus,  we  propose  that  a  PCD  mechanism, 
involving  cytosol-to- membrane  and  membrane-to-cytosol 
redistributions  of  cell  death  proteins,  participates  in  the 
pathogenesis  of  motor  neuron  degeneration  ALS  (3). 


6.  Molecular  regulation  of  apoptosis 

Apoptosis  is  an  organized  cell  death.  It  is  mediated  by  active, 
intrinsic  PCD  mechanisms.  Three  families  of  apoptosis¬ 
regulating  genes  have  been  identified  in  mammals  (75-77). 
The  molecular  mechanisms  for  PCD  (Table  II)  involve  the 
activation  of  the  caspase  family  of  cysteine-containing, 
aspartate-specific  proteases  (14  members  have  been  identified 
to  date)  and  the  interactions  among  cell  death  proteins  in  the 
Bcl-2  family  (e.g.,  Bcl-2,  Bcl-xL,  Bcl-xs,  Bax,  Bak,  Bid,  and 
Bad),  as  well  as  modulation  of  cell  death  by  the  inhibitor  of 
apoptosis  protein  (IAP)  family. 

Caspases  exist  as  constitutively  expressed,  inactive 
proenzymes  in  healthy  cells.  Caspases  are  activated  through 
regulated  proteolysis  (Table  II).  These  proteins  function  in 
systematically  dismantling  and  packaging  the  cell  during 
apoptosis,  with  ‘initiator’  caspases  activating  ‘executioner’ 
caspases  which  subsequently  cleave  cellular  substrates,  thereby 
causing  the  molecular  and  structural  changes  of  organized 
cell  death.  Active  caspases  can  cleave  nuclear  proteins 
[e.g.,  polyADP-ribose  polymerase  (PARP),  DNA-dependent 
protein  kinases,  heteronuclear  ribonucleoproteins,  or  lamins], 
cytoskeletal  proteins  (e.g.,  actin  and  fodrin),  and  cytosolic 
proteins  [e.g.,  other  caspases  and  DNA  fragmentation  factor  45 
(DFF-45)]  (75,77).  Other  caspase  family  members  function 
in  inflammation  by  processing  pro-inflammatory  cytokines 
(Table  II).  Two  different  caspase  cascades  mediate  PCD.  One 
pathway  is  initiated  by  cytochrome  c  release  from  mito¬ 
chondria,  that  promotes  the  activation  of  caspase-9  through 
Apaf-1  and  then  caspase-3  activation  (78).  Another  pathway 
is  initiated  by  the  activation  of  cell-surface  death  receptors, 
including  Fas  and  tumor  necrosis  factor  receptor,  leading  to 
caspase-8  activation,  that  in  turn  cleaves  and  activates  down¬ 
stream  caspases  such  as  caspase-3,  -6,  and  -7  (79,80). 

Another  group  of  apoptosis  regulatory  genes  is  the  bcl-2 
proto-oncogene  family  (Table  II)  (76).  Of  these  genes,  bcl-2, 
bcl-xL,  and  boo  are  antiapoptotic,  whereas  box,  bcl-xs,  bad, 
bak,  bid,  bik,  and  mtd  are  proapoptotic.  Membership  into  the 
family  of  Bcl-2-related  proteins  is  defined  by  homology 
domains  (BH1-BH4),  which  function  in  the  interactions 
between  members.  Bcl-2  family  members  exist  as  monomers 
that  form  homo-  or  heterodimers  and  higher  order  multimers 
(76).  For  example,  Bax  can  form  homodimers  or  heterodimers 
with  either  Bcl-2  or  Bcl-xL  (76).  When  Bax  and  Bak  are  present 
in  excess,  they  can  antagonize  the  antiapoptotic  activity  of 
Bcl-2.  The  formation  of  Bax  homodimers  is  thought  to  promote 
apoptosis,  whereas  Bax  heterodimerization  with  either  Bcl-2 
or  Bcl-xL  appears  to  prevent  apoptosis.  Thus,  the  complex, 
steady-state  array  of  protein-protein  interactions  among 
members  of  the  Bcl-2  family  functions  in  dictating  whether  a 
cell  lives  or  dies.  This  complexity  is  further  expanded  because 
some  proapoptotic  proteins  such  as  Mtd  (called  matador)  can 
function  independently  of  heterodimerization  with  survival- 
promoting  Bcl-2  and  Bcl-xL  (8 1 ).  ' 

Cell  death  is  also  regulated  by  the  IAP  (inhibitor  of 
apoptosis  protein)  family  (82).  This  family  includes  X- 
chromosome-linked  IAP,  IAP1,  IAP2,  and  NAIP  (neuronal 
apoptosis  inhibitory  protein).  Survival  motor  neuron  is  another 
apoptosis  inhibitory  protein.  The  main  identified  mechanism 
by  which  IAPs  suppress  apoptosis  is  by  the  prevention  of 


proteolytic  processing  of  specific  caspases  (83).  It  appears 
that  procaspase-9  is  the  major  target  of  IAPs.  However,  IAPs 
do  not  prevent  caspase-8-induced  proteolytic  activation  of 
procaspase-3.  IAPs  can  also  block  apoptosis  by  reciprocal 
interactions  with  the  nuclear  transcription  factor  NFkB  (82). 
NAIP  is  abnormal  in  infants  and  children  with  spinal  muscular 
atrophy  (72-74).  It  is  tempting  to  speculate  about  the  possibility 
of  IAP  inactivation  in  ALS  as  a  mechanism  for  motor  neuron 
apoptosis,  but  this  possibility  remains  to  be  examined.  To  date, 
the  deletions  in  the  genes  for  NAIP  and  survival  motor  neuron 
that  have  been  identified  in  cases  of  spinal  muscular  atrophy 
have  not  been  found  in  individuals  with  ALS  (84). 

In  cell  models  of  apoptosis  based  on  in  vitro  experiments 
using  human  cell  lines,  activation  of  caspase-3  occurs  when 
caspase-9  proenzyme  (also  known  as  Apaf-3)  is  bound  by 
Apaf-1  in  a  process  initiated  by  cytochrome  c  (identified  as 
Apaf-2)  and  either  ATP  or  dATP  (78).  Cytosolic  ATP  or  dATP 
are  required  cofactors  for  cytochrome  c-induced  caspase 
activation.  Apaf-1,  a  130  kDa  protein,  serves  as  a  docking 
protein  for  procaspase-9  (Apaf-3)  and  cytochrome  c  (78). 
Apaf-1  becomes  activated  when  ATP  is  bound  and  hydrolyzed, 
with  the  hydrolysis  of  ATP  and  the  binding  of  cytochrome  c 
promoting  Apaf-1  oligomerization  (85).  This  oligomeric 
complex  recruits  and  activates  procaspase-9  which 
disassociates  from  the  complex  and  becomes  available  to 
activate  caspase-3.  This  stage  is  where  IAPs  can  act  to  block 
apoptosis  (83).  Once  activated,  caspase-3  cleaves  a  protein 
with  DNase  activity  (DFF-45),  and  this  cleavage  activates  a 
pathway  leading  to  the  internucleosomal  fragmentation  of 
genomic  DNA  (86). 

In  response  to  several  apoptosis-inducing  agents,  cyto¬ 
chrome  c  is  released  from  mitochondria  to  the  cytosol  (87,88) 
through  a  mechanism  that  may  involve  the  formation  of 
membrane  channels  comprised  of  Bax  and  mitochondrial 
permeability  transition  pores  (89).  Bcl-2,  or  the  closely  related 
Bcl-xL,  blocks  the  release  of  cytochrome  c  from  mitochondria 
and  thus  the  activation  of  caspase-3  (78,90).  The  blockade  of 
cytochrome  c  release  from  mitochondria  by  Bcl-2  and  Bcl-xL 
(90, 91)  is  possibly  due  to  inhibition  of  Bax  channel-forming 
activity  in  the  outer  mitochondrial  membrane  (89)  or  to  the 
regulation  of  mitochondrial  membrane  potential  and  volume 
homeostasis  (91).  Bcl-xL  also  has  antiapoptotic  functions  by 
physically  interacting  with  Apaf-1  and  caspase-9  and  inhibiting 
the  Apaf-1 -mediated  maturation  of  caspase-9  (92).  Boo  can 
inhibit  Bak-  and  Bik-induced  apoptosis  (but  not  Bax-induced 
cell  death)  possibly  through  heterodimerization  and  by 
interactions  with  Apaf-1  and  caspase-9  (93). 

Protein  phosphorylation  can  regulate  the  functions  of  Bcl-2 
family  members.  Following  serine  phosphorylation,  Bcl-2 
loses  its  antiapoptotic  activity,  possibly  because  it  cannot 
maintain  its  antioxidant  function  (94).  In  addition  to  interacting 
with  homologous  proteins,  Bcl-2  Can  associate  with  non- 
homologous  proteins,  including  the  protein  kinase  Raf-1  (95). 
Bcl-2  is  thought  to  target  Raf-1  to  mitochondrial  membranes, 
allowing  this  kinase  to  phosphorylate  Bad  at  serine  residues. 
Phosphorylated  Bad  translocates  to  the  cytosol  and  interacts 
with  soluble  protein  14-3-3  and,  when  bound  to  protein  14-3-3, 
Bad  is  unable  to  interact  with  Bcl-2  and  Bcl-xL,  thereby 
promoting  survival  (96).  Non-phosphorylated  Bad  hetero- 
dimerizes  with  membrane-associated  Bcl-2  and  BcI-Xl,  thereby 
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displacing  Bax  from  Bax-Bci-2  and  Bax-Bcl-xL  dimers  and 
promoting  cell  death  (97). 

Cell  death  by  apoptosis  can  also  be  signaled  at  the  cell 
membrane  by  surface  receptors  of  the  tumor  necrosis  factor 
(TNF)  receptor  family.  Fas  (CD95/Apo-l).  is  a  member  of 
the  TNF  receptor  family  (79).  Apoptosis  through  Fas  is 
independent  of  new  RNA  or  protein  synthesis.  The  signal  for 
apoptosis  is  initiated  at  the  cell  surface  by  aggregation  of  Fas, 
induced  by  the  binding  of  the  multivalent  Fas  ligand  (FasL), 
a  member  of  the  TNF-cytokine  family,  expressed  on  activated 
T  cells  and  natural  killer  cells.  Clustering  of  Fas  by  FasL 
recruits  Fas-associated  death  domain  (FADD),  a  cytoplasmic 
adapter  molecule  that  functions  in  the  activation  of  the  caspase 
8-Bid  pathway,  thus  forming  the  'death-induced  signaling 
complex’  (DISC)  (80).  In  this  pathway,  Bid  (a  proapoptotic 
family  member  that  is  a  substrate  for  caspase- 8)  is  cleaved  in 
the  cytosol,  and  then  truncated  Bid  translocates  to  mito¬ 
chondria,  thereby  functioning  as  a  transducer  of  Fas  apoptotic 
signals  at  the  cell  plasma  membrane  to  the  mitochondria  (80). 
Bid  translocation  from  the  cytosol  to  mitochondrial  membranes 
is  associated  with  a  conformational  change  in  Bax  (that  is 
prevented  by  Bcl-2  and  Bcl-xJ  and  is  accompanied  by  release 
of  cytochrome  c  from  mitochondria  (98).  At  present  it  is  not 
clear  whether  the  Fas-caspase-Bid  signaling  pathway  for 
apoptosis  participates  in  the  mechanisms  for  motor  neuron 
apoptosis  in  ALS.  Our  laboratory  is  actively  investigating 
this  possibility. 

Apoptosis  can  also  be  induced  by  the  oncosuppressor 
protein  p53  (99).  This  DNA  binding  protein  functions  in 
genome  surveillance,  DNA  repair,  and  as  a  transcription  factor. 
p53  commits  to  death  cells  that  have  sustained  DNA  damage 
from  genotoxic  agents  and  ROS  (99).  The  mechanisms  by 
Which  p53  induces  apoptosis  are  not  fully  understood,  although 
it  is  know  that  p53  is  a  direct  transcriptional  activator  of  the 
human  bax  gene  (100)  and  a  transcriptional  repressor  of  the 
bcl-2  gene  (101).  This  information  is  important  because  we 
have  found  increased  Bax  protein  levels  and  decreased  Bcl-2 
protein  in  selectively  vulnerable  CNS  regions  in  ALS  (3). 
Thus,  p53  may  participate  in  the  mechanisms  for  motor 
neuron  death  in  ALS. 

7.  Autoimmunity  and  ALS 

Another  theory  for  the  pathogenesis  for  ALS  suggests  that 
degeneration  of  upper  and  lower  motor  neurons  is  caused  by 
an  autoimmune  response.  Support  for  this  theory  is  based  on 
studies  identifying  antibodies  to  L-type  voltage-gated  Ca2+ 
channels  in  some  patients  with  sporadic  ALS,  although  the 
presence  of  these  antibodies  is  not  specific  for  ALS  (102). 
These  Ca2+  channel  antibodies  induce  CaJ+-dependent  apoptosis 
in  differentiated  motor  neurons  in  culture  by  a  mechanism 
involving  oxidative  stress  (103).  Additional  evidence 
supporting  an  immune  mechanism  for  neuronal  death  in  ALS 
is  derived  from  experiments  revealing  greater  numbers  of 
cytotoxic  T  cells  in  ALS  tissues  compared  to  controls  (104). 
Cytotoxic  T  cells  induce  their  target  cells  to  undergo  PCD  by 
perforin  release  and  granzyme  B  activation  or  by  Fas  signaling 
(79).  It  is  not  yet  clear  whether  Fas  signaling  contributes  to 
the  mechanisms  for  neuronal  apoptosis  in  ALS.  However, 
caution  is  warranted  in  this  regard  because  these  data  may 


signify  an  immune  response  in  ALS  tissues  secondary  to  neuro¬ 
degeneration,  rather  than  a  primary  mechanism  for  motor 
neuron  apoptosis. 

Despite  data  suggesting  an  immunological  contribution  to 
the  pathogenesis  of  ALS,  to  date,  the  disease  process  has  not 
responded  to  immunosuppressive  therapies.  However,  well 
recognized  immunopathies,  such  as  multiple  sclerosis  and 
diabetes,  do  not  respond  to  known  immunosuppression 
methods.  Thus,  the  possible  contributions  of  immunological 
abnormalities  to  the  mechanisms  for  motor  neuron  death  in 
ALS  have  yet  to  be  fully  explored. 

8.  PCD  pathways  and  neuronal  apoptosis 

A  control  of  PCD  by  cell  death  proteins  has  been  demonstrated 
in  the  mammalian  nervous  system.  The  numbers  of  neurons 
may  be  increased  (presumably  resulting  from  deficient 
apoptosis)  in  some  CNS  regions  in  transgenic  mice  that  over¬ 
express  the  bcl-2  gene  (105-107),  in  mice  with  bax  gene- 
ablations  (108),  and  in  mice  with  caspase-3  (109),  caspase-9 
(110,111),  and  Apaf-1  (112)  gene  deletions.  Caspase-3, 
caspase-9,  and  Apaf-1  deficiencies  are  embryonic  lethal.  In 
contrast,  Bcl-2-deficient  mice  survive  and  show  an  interesting 
progressive  degeneration  of  motor  neurons  after  the  PCD 
period  during  early  postnatal  development  (113). 

Support  for  the  contribution  of  apoptosis  in  neuro- 
degeneration  is  found  in  axotomy  and  trophic  factor  withdrawal 
experiments.  Bcl-2  overexpression  ameliorates  the  motor 
neuron  death  in  newborn  mice  induced  by  facial  nerve 
transection  (1 14),  sciatic  nerve  transection  (105),  or  optic  nerve 
transection  (107).  Caspases  appear  to  participate  in  apoptosis 
of  sensory  and  motor  neurons.  For  example,  inhibition  of 
caspase- 1  and  caspase-2  blocks  the  apoptosis  of  dorsal  root  and 
sympathetic  ganglion  neurons  when  deprived  of  nerve  growth 
factor  (1 15,116);  furthermore,  in  retina,  inhibition  of  caspase 
activity  protects  axotomized  ganglion  cells  from  death  after 
optic  nerve  transection  in  adult  rat  (117).  Inhibition  of 
caspase- 1  also  arrests  the  PCD  of  motor  neurons  in  vitro 
resulting  from  trophic  factor  deprivation  and  in  vivo  during 
the  period  of  naturally  occurring  cell  death  (118). 

9.  Oxidative  stress  induces  neuronal  apoptosis 

Oxidative  stress  is  a  potent  stimulus  for  apoptosis  in  a  variety 
of  in  vitro  systems,  including  cultured  neurons  (119-121). 
Reactive  oxygen  species  (ROS),  such  as  superoxide  anion 
radical,  hydrogen  peroxide  and  hydroxyl  radical,  can  directly 
damage  macromolecules,  including  DNA,  protein,  and  lipid 
membranes  (122).  The  balance  between  endogenous  ROS 
formation  and  antioxidant  defense  mechanisms  is  important  for 
cellular  survival.  ROS  are  byproducts  of  oxidative  metabolism. 
The  mitochondrial  electron-transfer  chain  is  a  primary 
generator  of  superoxide  and  peroxide  (123),  and  damaged 
mitochondria  produce  greater  amounts  of  superoxide  ion  (123). 
Point  mutations  in  mitochondrial  DNA  caused  by  oxidative 
damage  may  lead  to  protein  conformational  changes  and 
inefficient  electron  transfer  to  cytochrome  c  oxidase  (124) 
and,  hence,  enhanced  superoxide  and  peroxide  formation. 
These  observations  are  consistent  with  the  idea  that  mito¬ 
chondria  participate  in  the  effector  stages  of  apoptosis  (125) 


through  changes  in  apoptotic  protein  function  and  cytochrome 
c  release. 

10.  DNA  damage  and  DNA  repair  mechanisms  in  ALS 

The  accumulation  of  damaged  DNA  may  be  a  primary 
abnormality  in  ALS  (126).  This  damage  may  be  either  acquired 
or  inherited.  Elevated  levels  of  oxidatively  damaged  DNA  in 
the  form  of  DNA  adducts  (e.g.,  8-oxodeoxyguanosine)  have 
been  found  in  spinal  cord  tissue  of  ALS  cases  (127).  In 
addition,  increased  concentrations  of  hydroxyl  radical  damaged 
DNA  have  been  found  in  the  motor  cortex  of  sporadic  ALS 
cases  (128).  It  has  been  proposed  that  SOD1  linked  FALS 
mutations  cause  an  altered  sensitivity  to  free  radicals;  however, 
lymphoblastoid  cells  from  FALS  patients  with  SOD1  gene 
mutations  do  not  show  impaired  abilities  to  scavenge  radiation- 
induced  free  radicals  and  to  protect  against  DNA  double-strand 
breaks  (129). 

DNA  oxidation  occurs  at  a  significant  rate  in  vivo  and  is 
counteracted  by  specific  DNA  repair  mechanisms  (130). 
Apurinic/apyrimidinc  endonuclease  (APE)  is  a  critical  enzyme 
in  the  DNA  base-excision  repair  pathway,  which  is  considered 
to  be  the  predominant  pathway  for  repair  of  oxidatively 
damaged  DNA  (131).  Studies  have  suggested  that  DNA  repair 
mechanisms  are  deficient  in  individuals  with  sporadic  ALS 
(132,133),  and,  interestingly,  the  possible  defects  in  APE  may 
be  cell  or  tissue  type  specific  (134).  Moreover,  mutations  in 
APE  have  been  identified  in  sporadic  ALS  (135,136),  further 
suggesting  a  possible  role  for  defective  DNA  repair  in  the 
etiology  of  ALS. 

11.  Animal  models  of  neuronal  apoptosis  in  the  adult 
CNS 

It  is  important  to  study  neuronal  apoptosis  in  adult  animal 
models  because  ALS  is  an  adult  onset  neurodegenerative 
disease  and  CNS  maturity  has  major  influences  on  the  structure 
of  neuronal  death  (24,26,69).  We  found  that  the  degeneration 
of  motor  neurons  in  individuals  with  ALS  (3)  has  many 
similarities  to  the  apoptosis  of  CNS  neurons  induced  by 
axotomy  and  target  deprivation  in  adult  animals  (16,137,138). 
This  induced  apoptosis  is  characterized  morphologically  by 
chromatolysis  followed  by  a  progressive  sequence  of  neuro- 
filament  accumulation,  cytoplasmic  and  nuclear  condensation, 
and  cellular  shrinkage.  Degenerating  motor  neurons  in  ALS 
also  undergo  chromatolysis  and  then  progressive  cytoplasmic 
and  nuclear  condensation  (3).  Affected  neurons  show  cyto- 
skeletal  pathology  in  the  form  of  neurofilament  accumulation 
within  the  neuronal  cell  body  and  axon  (139,140).  Because 
motor  neuron  degeneration  in  sporadic  and  FALS  is  structurally 
different  from  the  motor  neuron  degeneration  found  in  trans¬ 
genic  mice  overexpressing  the  FALS  mutant  forms  of  SOD  1 
(3,17-19),  animal  models  for  bona  fide  neuronal  apoptosis 
in  vivo  are  critical  for  understanding  the  neurobiology  of 
disease  in  ALS. 

In  two  different  animal  models  of  axotomy-induced  retro¬ 
grade  neuronal  apoptosis  in  the  adult  CNS,  we  have  found  that 
neuronal  death  occurs  in  association  with  the  accumulation  of 
functionally  active  mitochondria  and  oxidative  stress  (16,137, 
138).  Mitochondrial  accumulation  within  the  neuronal  cell 


body  and  increased  metabolic  activity  may  cause  excessive 
generation  of  ROS  within  the  vicinity  of  the  neuronal 
nucleus,  depletion  of  mitochondrial  and  cytosolic  antioxidant 
mechanisms,  and  subsequent  oxidative  damage  to  DNA 
(3,138).  In  both  adult  CNS  models  of  neuronal  apoptosis  that 
are  studied  in  our  laboratory,  the  mitochondria  become 
progressively  damaged,  as  evidenced  by  the  eventual  loss  of 
cytochrome  c  oxidase  activity  and  by  the  swelling  and 
cristeolysis  that  manifest  concurrently  with  the  incipient  cyto¬ 
plasmic  compaction  of  apoptosis,  supporting  the  hypothesis 
that  apoptosis-initiating  factor(s)  and  cytochrome  c  are 
sequestered  in  the  mitochondrial  intermembrane  space  (78,90), 
which  upon  their  release  activate  a  PCD  cascade  (86-88). 
The  finding  that  oxidative  stress  induces  neuronal  apoptosis 
in  vitro  (120,121,125)  supports  our  idea  that  mitochondria  may 
participate  in  the  signaling  of  injured,  chromatolytic  motor 
neurons  to  enter  apoptosis,  possibly  by  releasing  cytochrome  c 
from  mitochondria  (87-88)  or  by  generating  excessive  ROS  and 
causing  DNA  damage-induced,  p53  activation  (99).  We 
now  have  preliminary  data  suggesting  that  this  retrograde 
apoptosis  of  motor  neurons  may  be  dependent  on  DNA 
damage-induced  p53  activation  (Martin  LJ,  et  al,  Soc  Neurosci 
Abs.  25:  289,  1999).  If  normal  trafficking  of  mitochondria 
into  axonal  and  dendritic  compartments  is  not  re-established 
or  effectively  buffered,  a  sustained  accumulation  of  active 
mitochondria  in  the  vicinity  of  the  nucleus  may  provide  a 
source  of  DNA  damaging  ROS  as  well  as  Apaf-2.  It  has  been 
suggested  that  hydroxyl  radical  production  by  microdialysis 
of  hydroxyl  radical  generators  can  kill  motor  neurons  in 
spinal  cord  (141).  However,  at  present,  it  is  uncertain  if 
mitochondrial-derived  ROS  can  trigger  apoptosis  of  motor 
neurons  in  vivo. 

Induced  neuronal  apoptosis  in  the  adult  CNS  is  associated 
with  hydroxyl  radical  damage  to  DNA  (16,138).  Among  the 
ROS,  hydroxyl  radicals  are  highly  reactive  and  are  thought  to 
be  genotoxic  by  interacting  with  DNA  and  producing  DNA 
strand  breaks  and  base  modifications  (122-124).  Hydroxyl . 
radicals  are  products  of  the  transitional  metal  (e.g.,  iron)  - 
catalyzed,  Haber-Weiss-  and  Fenton-type  reactions  that  use 
superoxide  and  hydrogen  peroxide  as  substrates,  respectively 
(123).  Our  recent  experiments  are  important  because  they  show 
the  formation  of  hydroxyl  radical-modified  DNA  during  the 
progression  of  neuronal  apoptosis  in  vivo. 

In  addition,  our  experiments  indicate  that  peroxynitrite 
radicals  are  formed  within  motor  neurons  early  after  injury  at 
preapoptotic  stages  of  degeneration,  based  on  the  transient 
detection  of  intense  nitrotyrosine  immunoreactivity  within 
subsets  of  ventral  root  axons  and' motor  neuron  cell  bodies  (16). 
The  appearance  of  this  intense  nitrotyrosine  immunoreactivity 
occurs  prior  to  structural  evidence  for  apoptosis  in  avulsed 
motor  neurons.  Nitric  oxide  synthase  is  induced  in  motor 
neurons  after  avulsion  (142)  and  in  primary  cultures  of 
embryonic  motor  neurons  deprived  of  brain-derived 
neurotrophic  factor  (143).  In  this  latter  in  vitro  paradigm, 
motor  neurons  cultured  in  the  absence  of  trophic  factor 
exhibit  nitrotyrosine  immunoreactivity  prior  to  the  occurrence 
of  apoptosis  (143),  similar  to  our  findings  in  vivo  (16). 
Inhibition  of  nitric  oxide  synthase  reduces  motor  neuron  loss 
after  spinal  root  avulsion  (144).  Therefore,  the  accumulation 
of  active  mitochondria  within  neuronal  cell  bodies,  combined 


with  nitric  oxide  induction  (142),  may  lead  to  peroxy- 
nitrite  formation  and  induction  of  motor  neuron  apoptosis 
in  vivo. 

Our  observations  in  models  of  axotomy-induced  neuronal 
apoptosis  in  the  adult  CNS  may  be  important  for  the 
understanding  of  neuronal  death  in  human,  adult-onset  neuro- 
degenerative  diseases  such  as  ALS.  Neurodegeneration  in  ALS 
has  components  of  axotomy/target  deprivation-like  retrograde 
neuronal  injury.  In  addition,  evidence  for  oxidative  damage  has 
been  found  in  postmortem  brains  from  individuals  with  ALS, 
based  on  the  detection  of  protein  carbonyls,  protein  nitration, 
and  DNA  oxidation  (126-128).  Important  unanswered 
questions  regarding  neuronal  apoptosis  in  the  adult  CNS  and 
in  ALS  center  on  the  dependence  of  this  process  on  specific 
molecules,  including  p53.  Fas,  Bax,  and  caspases.  Trophic 
factor  deprivation-induced  apoptosis  of  motor  neurons  in  vitro 
(108,118,143)  and  in  vivo  (108,118)  is  caspase-  and  Bax- 
dependent,  as  might  be  the  case  for  motor  neuron  apoptosis 
in  ALS  (3). 

12.  Future  hope  for  the  understanding  of  ALS 

Additional  laboratory  experiments  are  necessary  to  identify 
possible  cellular  and  molecular  causes  for  motor  neuron 
apoptosis  in  individuals  with  ALS  by  analyzing,  in  post¬ 
mortem  CNS  tissues,  proteins  that  function  in  PCD  pathways. 
In  parallel,  studies  need  to  be  conducted  to  identify  the  cellular 
and  molecular  similarities  and  differences  among  motor  neuron 
degeneration  in  ALS  and  in  animal  models  in  which  motor 
neurons  degenerate.  For  example,  mice  genetically  deficient  in 
Fas/FasL,  Bax,  and  p53,  can  be  used  to  dissect  the  contribution 
of  these  molecules  in  controlling  apoptosis  in  motor  neurons 
in  vivo.  Once  appropriate  animal  models  for  motor  neuron 
apoptosis  have  been  identified  and  characterized,  new  drugs  or 
biological  agents  (caspase  inhibitors,  antioxidants,  immuno¬ 
suppressants,  and  neurotrophic  factors)  can  be  tested  for 
safety  and  for  their  ability  to  abrogate  motor  neuron  apoptosis. 
The  demonstration  that  abnormal  PCD  mechanisms  participate 
in  the  pathogenesis  of  motor  neuron  degeneration  in  ALS  (3), 
and  the  clarification  of  the  molecular  pathways  mediating 
motor  neuron  apoptosis,  should  lead  to  the  identification  of 
alternative  treatments  or  cures  for  ALS.  Our  recent  experiments 
with  ALS  CNS  tissues  (3)  have  important  therapeutic 
implications  for  patients  with  ALS.  Manipulations  that  cause 
an  elevation  and  specific  activation  of  Bcl-2  or  IAPs  and 
pharmacological  treatment  with  caspase  inhibitors  may  delay 
the  onset  or  progression  of  motor  neuron  apoptosis  in  patients 
with  ALS.  In  this  regard  though,  elevations  in  antiapoptotic 
proteins  may  not  be  meaningful  therapeutically  unless  the 
subcellular  trafficking  and  targeting  (i.e.,  to  mitochondria)  of 
proteins  is  efficient  in  motor  neurons . 
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Brain  injury  in  newborns  can  cause  deficits  in  motor  and  sen¬ 
sory  function.  In  most  models  of  neonatal  brain  injury,  thalamic 
damage  often  occurs.  Using  the  Rice-Vannucci  model  of  neo¬ 
natal  hypoxic-ischemic  brain  injury,  we  have  shown  that  neu¬ 
ronal  degeneration  in  somatosensory  thalamus  is  delayed  in 
onset  (~24  hr)  compared  with  cortical  and  striatal  injury  and 
exhibits  prominent  structural  features  of  apoptosis.  In  the 
present  study,  we  examined  whether  cell  death  in  the  thalamus 
has  molecular  features  of  apoptosis.  Fas  death  receptor  protein 
expression  increased  rapidly  after  neonatal  hypoxia-ischemia, 
in  concert  with  cleavage  of  procaspase  8  to  its  active  form. 
Concurrently,  the  levels  of  Bax  in  mitochondrial-enriched  cell 
fractions  increase,  and  cytochrome  c  accumulates  in  the  solu¬ 


ble  fraction.  Mitochondria  accumulate  in  a  perinuclear  distribu¬ 
tion  by  6  hr  after  hypoxia-ischemia.  Cytochrome  oxidase  sub¬ 
unit  1  protein  levels  also  increase  at  6  hr  after  hypoxia- 
ischemia.  Increased  levels  of  Fas  death  receptor,  Bax,  and 
cytochrome  c,  activation  of  caspase  8,  and  abnormalities  in 
mitochondria  in  the  thalamus  significantly  precede  the  activa¬ 
tion  of  caspase  3  and  the  appearance  of  neuronal  apoptosis  at 
24  hr.  We  conclude  that  the  delayed  neurodegeneration  in 
neonatal  rat  ventral  basal  thalamus  after  hypoxic-ischemic  in¬ 
jury  is  apoptosis  mediated  by  death  receptor  activation. 

Key  words:  mitochondria;  neonatal  brain  injury;  Bax;  Fas 
death  receptor;  caspase;  cytochrome  oxidase 


A  large  amount  of  investigation  has  focused  on  cytokine-  and 
hypoxia-ischemia-mediated  injury  to  the  developing  cortex  and 
periventricular  white  matter  as  the  cause  of  the  neurodevelop- 
mental  handicaps  suffered  by  infants  who  have  experienced  peri¬ 
natal  brain  injury.  Energy  failure,  free  radical,  cytokine,  and 
excitatory  amino  acid  release,  and  caspase-dependant  cell  death 
are  known  to  contribute  to  injury  in  the  neocortex,  striatum,  and 
periventricular  white  matter  (McDonald  et  al.,  1988;  Barks  and 
Silverstein,  1992;  Hagan  et  al.,  1996;  Liu  et  al.,  1996;  Martin  et  al., 
1997a,  b;  Back  et  al.,  1998;  Cheng  et  al.,  1998).  However,  the 
degeneration  of  thalamus  and  other  nonforebrain  structures  after 
hypoxia-ischemia  is  studied  less  frequently.  Injury  to  somatosen¬ 
sory  thalamus  has  been  described  in  human  newborns  after  hy¬ 
poxia-ischemia  (Barkovich,  1995;  Roland  et  al.,  1998)  and  may 
contribute  to  sensorimotor  deficits  in  infants  with  perinatal  brain 
injury  and  cerebral  palsy.  Sensorimotor  deficits  have  been  de¬ 
tected  in  neonatal  rats  subjected  to  the  Rice-Vannucci  model 
(Rice  et  al.,  1981)  of  hypoxic-ischemic  injury  (Bona  et  al.,  1997). 
A  few  detailed  neuropathological  studies  of  animal  models  have 
revealed  injury  to  the  developing  thalamus  after  neonatal  hypoxi¬ 
a-ischemia  (Towfighi  et  al.,  1991).  In  addition,  we  have  demon¬ 
strated  recently  that  injury  to  the  thalamus  occurs  in  a  delayed 
manner  and  exhibits  prominent  structural  features  of  apoptosis 


Received  June  27,  2000;  revised  Dec.  19,  2000;  accepted  Dec.  21,  2000. 

These  studies  were  supported  by  Johns  Hopkins  Internal  Research  Grant  funds 
(FJ.N.),  a  United  Cerebral  Palsy  Grant  (FJ.N.),  United  States  Army  Department  of 
Defense  Grant  DAMD17-99-1-9553,  and  National  Institutes  of  Health  Grants  AG 
16282  (L.J.M.)  and  NS  35902  (D.M.F.).  We  gratefully  acknowledge  the  expert 
technical  assistance  of  Ann  Sheldon,  Ann  Price,  and  George  Kuck  III. 

Correspondence  should  be  addressed  to  Dr.  Frances  J.  Northington,  Eudowood 
Neonatal  Pulmonary  Division,  Department  of  Pediatrics,  CMSC  210,  Johns  Hop¬ 
kins  Hospital,  600  North  Wolfe  Street,  Baltimore,  MD  21287.  E-mail: 
fnorthin@weIchlink.welch.jhu.edu. 

Copyright  ©  2001  Society  for  Neuroscience  0270-6474/01/21 1931-08$15.00/0 


when  compared  with  the  early  necrotic  cell  death  seen  in  the 
forebrain  after  hypoxia-ischemia  (Northington  et  al.,  2001). 

The  mechanisms  of  apoptotic  neurodegeneration  in  the  thala¬ 
mus  and  other  brain  regions  remote  from  the  forebrain  after 
neonatal  hypoxia-ischemia  are  completely  unknown.  However, 
death  receptor-activated  pathways,  altered  mitochondrial  func¬ 
tion,  and  changes  in  expression  of  mitochondrial-related  bcl-2 
family  proteins  are  likely  important  effectors  of  programmed  cell 
death  in  the  present  model  of  neonatal  brain  injury  (Nelson  and 
Silverstein,  1994;  Silverstein,  1998;  Felderhoff-Mueser  et  al., 
2000).  Fas  death  receptor  protein  expression  is  increased  in 
hippocampus  bilaterally  during  the  24  hr  immediately  after  neo¬ 
natal  hypoxia-ischemia  (Felderhoff-Mueser  et  al.,  2000),  and 
administration  of  cytokine  antagonists  afford  neuroprotection  in 
the  present  model  (Liu  et  al.,  1996).  In  adult  models  of  apoptosis, 
mitochondrial  accumulation  occurs  during  the  critical  chromato- 
lytic  phase  before  apoptosis  simultaneously  with  increased  ex¬ 
pression  of  the  proapoptosis  proteins  Bax  and  Bak  (Martin,  1999; 
Martin  et  al.,  1999). 

In  this  study,  we  investigate  whether  a  cascade  of  events  (in¬ 
cluding  death  receptor  activation,  alteration  in  the  ratio  of 
proapoptosis-  and  antiapoptosis-regulating  proteins  in  mitochon¬ 
dria,  altered  mitochondrial  activity  and  location,  cytochrome  c 
accumulation,  and  cleavage  of  caspases  into  active  subunits)  leads 
to  apoptotic  neurodegeneration  in  the  thalamus  after  neonatal 
hypoxia-ischemia. 

MATERIALS  AND  METHODS 

Hypoxia-ischemia  in  7-d-oId  rats.  The  Rice-Vannucci  (Rice  et  al.,  1981) 
neonatal  adaptation  of  the  Levine  procedure  (Levine,  1960)  was  used  to 
cause  hypoxic-ischemic  brain  injury  in  7-d-old  (p7)  rats.  In  brief,  rat 
pups  were  anesthetized  with  2.5%  halothane  and  15%  nitrous  oxide  in 
02.  The  right  common  carotid  artery  was  permanently  ligated  (in  sham 
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controls  the  ligature  was  passed  around  the  artery  and  removed).  After 
the  wound  was  sutured,  the  pups  recovered  from  anesthesia  and  were 
returned  to  the  dam.  Two  hours  later,  pups  were  placed  in  an  airtight 
container  in  a  37°C  water  bath  through  which  humidified  8%  02  and 
balance  nitrogen  flowed  for  150  min.  After  hypoxia,  pups  were  returned 
to  the  dam  until  death. 

The  animals  were  killed,  and  the  brains  were  retrieved  at  0,  1.5,  3,  6, 
and  24  hr  after  the  end  of  hypoxia  for  histological  analysis  (n  =  6  for  each 
time  point)  or  at  3,  6,  and  24  hr  after  the  end  of  hypoxia  for  Western 
blotting.  Because  of  the  small  size  of  the  immature  rat  thalamus,  three 
hemithalami  per  pooled  sample  were  required  to  generate  adequate 
tissue  homogenate  for  immunoblot  analysis.  Thus  tissue  froml2  to  15 
animals  per  time  point  were  used  to  generate  four  to  five  pooled  samples 
at  each  time  point  for  immunoblotting.  The  multiple  early  time  points 
were  chosen  because  our  data,  as  well  as  that  of  others,  showed  a  faster 
progression  of  injury  after  hypoxia-ischemia  in  neonates  as  compared 
with  adults  (Towfighi  et  al.,  1995;  Martin  et  al.,  1997a;  Northington  et  al., 
2001).  Control  groups  consisted  of  sham-operated  littermates  ( n  =  4-6 
for  histological  analysis;  n  =  4  pooled  thalami  for  Western  blotting). 
Because  the  entire  thalamus  could  be  used  to  create  tissue  homogenates 
in  sham  controls,  only  eight  animals  were  required  to  generate  adequate 
tissue  samples  for  immunoblotting.  Sham  controls  were  killed  on  post¬ 
natal  day  7  to  provide  age-matched  tissue  for  comparison  of  expression 
of  apoptosis-related  proteins  and  levels  of  cytochrome  oxidase  activity. 

All  animal  studies  received  previous  approval  from  the  Animal  Care 
and  Use  Committee  of  Johns  Hopkins  University  School  of  Medicine 
and  were  performed  in  accordance  with  the  National  Institutes  of  Health 
Guide  for  the  Care  and  Use  of  Laboratory  Animals  (United  States  Depart¬ 
ment  of  Health  and  Human  Services  85-23,  1985). 

Tissue  preparation.  Animals  were  killed  with  an  overdose  of  pentobar¬ 
bital  (65  mg/kg,  i.p.)  and  exsanguinated  with  cold  0.1  m  PBS,  pH  7.4,  via 
intracardiac  perfusion.  Brains  were  perfusion  fixed  with  4%  paraformal¬ 
dehyde  in  PBS  for  30  min  at  4  ml/min.  The  brains  were  removed, 
post-fixed  in  4%  paraformaldehyde  overnight,  cryoprotected  in  30% 
sucrose,  and  frozen  in  isopentane  (-30°C).  Sixty  micrometer  coronal 
sections  were  cut  on  a  sliding  microtome  for  cresyl  violet  and  immuno- 
histochemical  staining. 

Immunoblotting.  Samples  of  thalamus  were  rapidly  microdissected  un¬ 
der  a  surgical  microscope,  immediately  after  death,  and  frozen  on  dry  ice. 
Pooled  samples  (150-200  mg)  were  homogenized  in  cold  20  mM  Tris- 
HCI,  pH  7.4,  containing  10%  (w/v)  sucrose,  20  pg/ml  aprotinin  (Tray- 
slol),  20  ptg/ml  leupeptin,  20  pig /ml  antipain,  20  pig /ml  pepstatin  A,  20 
pig /ml  chymostatin,  0.1  mM  phenyl  methylsulfonyl  fluoride,  10  mM  ben- 
zamidine,  1  mM  EDTA,  and  5  mM  EGTA.  Crude  homogenates  were 
centrifuged  at  1000  X  g  for  10  min.  The  supernatant  (SI  fraction)  was 
then  centrifuged  at  114,000  X  g  for  20  min,  and  the  resulting  supernatant 
(S2  soluble  fraction)  was  collected.  The  pellet  (P2,  mitochondrial- 
enriched,  membrane  fraction)  was  washed  in  homogenization  buffer 
(without  sucrose)  three  times  by  resuspension  and  centrifugation  at 
114,000  X  g  for  20  min.  The  P2  fraction  was  then  resuspended  fully  in 
homogenization  buffer  supplemented  with  20%  (w/v)  glycerol.  This 
subcellular  fractionation  protocol  has  been  verified  to  be  enriched  in 
mitochondria  but  also  contains  other  organelle  constituents  (i.e.,  endo¬ 
plasmic  reticulum  and  Golgi  apparatus)  (Martin  et  al.,  2000).  Protein 
concentrations  were  measured  by  a  Bio-Rad  (Hercules,  CA)  protein 
assay  with  bovine  serum  albumin  as  a  standard. 

Samples  of  membrane  or  soluble  proteins  were  subjected  to  SDS- 
PAGE  and  electroeluted  onto  nitrocellulose  membranes.  The  reliability 
of  sample  loading  and  protein  transfer  was  evaluated  by  staining  nitro¬ 
cellulose  membranes  with  Ponceau  S  before  immunoblotting  and  by 
quantification  of  Coomassie-stained  gels  and  Ponceau-stained  blots  with 
OD.  Blots  were  blocked  with  2.5%  nonfat  dry  milk  with  0.1%Tween  20 
in  50  mM  Tris-buffered  saline,  pH  7.4,  and  incubated  overnight  at  4°C 
with  antibody.  After  primary  incubation,  blots  were  washed,  incubated 
with  peroxidase-conjugated  secondary  antibodies  (0.2  pig/ml),  and  devel¬ 
oped  with  enhanced  chemiluminescence.  To  quantify  cell  death  protein 
immunoreactivity,  films  were  scanned  using  Adobe  Photoshop,  and  OD 
was  performed  with  IP  Lab  Gel  H  software.  The  OD  of  the  correspond¬ 
ing  lanes  in  Coomassie-stained  gels  or  Ponceau-stained  blots  was  used  to 
correct  the  OD  of  the  cell  death  protein  immunoreactivity  for  differences 
in  protein  loading.  Protein  levels  are  thus  expressed  as  relative  OD 
measurements  compared  with  control  lanes  in  the  same  blot. 

Antibodies.  Anti-Fas  death  receptor  antibody  (Santa  Cruz  Biotechnol¬ 
ogy,  Santa  Cruz,  CA)  is  a  rabbit  polyclonal  antibody  generated  against  an 
epitope  mapping  to  the  C  terminal  of  human  Fas  and  is  noncross-reactive 


with  other  tumor  necrosis  factor  receptor  (TNFR)  type- 1  receptors.  It 
recognizes  a  single  band  at  45  kDa  and  higher  molecular  weight  bands 
after  SDS-PAGE.  Jurkat  cells  known  to  express  high  levels  of  the  Fas 
death  receptor  were  used  as  a  positive  control.  Anti-caspase  8  antibody 
(Santa  Cruz  Biotechnology)  is  a  rabbit  polyclonal  antibody  raised  against 
a  recombinant  protein  corresponding  to  amino  acids  217-350  of  human 
caspase  8.  Anti-Bax  (Upstate  Biotechnology,  Lake  Placid,  NY)  and 
anti-Bcl-2  antibodies  (Santa  Cruz  Biotechnology)  are  affinity-purified 
rabbit  polyclonal  antibodies  generated  against  a  peptide  corresponding 
to  amino  acids  1-21  of  human  Bax  and  a  peptide  mapping  at  the  N 
terminal  of  human  Bcl-2,  respectively.  Anti-Bax  antibody  recognizes  a 
single  23  kDa  band,  a  faint  band  at  18.5  kDa  representing  the  cleaved 
form  of  Bax,  and  several  less  intense  high-molecular  weight  bands  in  P2 
protein  fractions.  Anti-Bcl-2  antibody  recognizes  a  band  at  26  kDa  and 
several  less  intense  high-molecular  weight  bands  in  P2  protein  fractions. 
A  second  rabbit  polyclonal  anti-Bax  antibody  (Santa  Cruz  Biotechnol¬ 
ogy)  generated  against  a  peptide  homologous  to  amino  acids  11-30  of 
human  Bax  gave  results  identical  to  those  of  the  Upstate  Biotechnology 
antibody.  Because  these  proteins  were  fractionated  in  denaturing  gels,  it 
is  unlikely  that  the  high-molecular  weight  bands  represent  various  Bax 
and  Bcl-2  homodimers  and  heterodimers.  Anti-cytochrome  c  antibody 
(Santa  Cruz  Biotechnology)  is  a  rabbit  polyclonal  antibody  directed 
against  amino  acids  1-104  of  full-length  horse  cytochrome  c.  It  recog¬ 
nizes  a  band  at  12-15  kDa.  Anti-cytochrome  oxidase  subunit  1  (anti- 
COX1)  antibody  (Molecular  Probes,  Eugene,  OR)  is  a  mouse  monoclo¬ 
nal  antibody  generated  against  subunit  1  of  human  cytochrome  oxidase. 
The  antibody  recognizes  only  a  single  band  of  ~35  kDa  in  nonboiled  P2 
protein  samples  subjected  to  SDS-PAGE.  Anti-caspase  3  antibody  (Santa 
Cruz  Biotechnology)  is  a  rabbit  polyclonal  antibody  generated  against 
amino  acids  1-277  of  full-length  human  caspase-3,  and  it  recognizes  the 
32  kDa  proenzyme  with  an  intense  band  of  immunoreactivity  and  the  12, 
17,  and  20  kDa  active  fragments  with  less  intense  single  bands.  Cleaved 
caspase  3  antibody  (Cell  Signaling  Technology,  Beverly,  MA)  is  a  rabbit 
polyclonal  antibody  generated  against  a  synthetic  peptide  corresponding 
to  residues  surrounding  the  cleavage  site  of  human  caspase  3. 

Cytochrome  oxidase  histochemistry.  To  identify  the  levels  of  oxidative 
metabolism  and  intracellular  distribution  of  oxidatively  active  mitochon¬ 
dria,  we  used  the  cytochrome  oxidase  histochemical  method  of  Wong- 
Riley  (1979,  1989)  as  described  previously  for  our  laboratory  (Martin  et 
al.,  1997a).  Briefly,  brain  sections  from  control  and  hypoxic-ischemic  rat 
pups  were  exposed  to  the  assay  simultaneously.  The  enzymatic  reaction 
medium  was  prepared  immediately  before  each  experiment  and  con¬ 
sisted  of  100  mM  phosphate  buffer,  pH  7.4,  0.1%  horse  heart  cytochrome 
c  (Sigma,  St.  Louis,  MO),  117  mM  sucrose,  and  1.4  mM  diaminobenzidine 
tetrahydrochloride.  In  this  histochemical  reaction,  in  situ  cytochrome 
oxidase  catalyzes  the  transfer  of  electrons  (donated  by  diaminobenzi¬ 
dine)  from  cytochrome  c,  provided  as  substrate,  to  Oz  to  form  H20.  The 
donation  of  electrons  from  diaminobenzidine  is  a  chromogenic  reaction 
that  yields  the  formation  of  an  insoluble  precipitate  in  the  vicinity  of 
cytochrome  oxidase  activity,  thus  revealing  both  the  location  of  the 
mitochondria  and  the  relative  metabolic  activity  of  cytochrome  oxidase 
(Wong-Riley,  1979).  Sections  were  incubated  for  2.5  hr  at  37°C  in  a 
Dubnoff  metabolic  shaker  incubator.  After  the  reaction,  sections  were 
rinsed  in  phosphate  buffer,  mounted  on  glass  slides,  and  coverslipped. 

Statistical  analysis.  To  quantify  changes  in  the  expression  of  Fas  death 
receptor  protein,  mitochondrial  apoptosis-regulating  proteins,  COX1 
protein,  and  caspase  8  and  3  active  fragments,  protein  expression  was 
corrected  for  loading  differences  and  then  expressed  as  a  percent  of 
control.  In  some  blots,  two  different  controls  were  used,  and  the  average 
optical  density  of  the  two  bands  was  used  for  percent  control  calculations. 
Mean  and  SD  for  protein  expression  in  tissue  obtained  at  similar  time 
points  were  calculated,  and  ANOVA  was  used  to  compare  differences  in 
protein  expression  over  time.  Post  hoc  testing  for  differences  in  expres¬ 
sion  at  3,  6,  and  24  hr  was  performed  with  Fisher’s  analysis.  A  p  value  of 
<0.05  was  used  to  determine  significance. 

RESULTS 

In  the  ipsilateral  thalamus  at  24  hr  after  neonatal  hypoxia- 
ischemia,  many  degenerating  neurons  display  light  microscopic 
features  of  apoptosis  (Fig.  IB,  arrows)  (Northington  et  al.,  2001). 
This  contrasts  with  the  normal  morphology  of  thalamic  neurons 
from  sham  controls  (Fig.  1  A). 
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Figure  1.  Thalamic  neurons  die  by  apoptosis  after  neonatal  hypoxia- 
ischemia.  A,  B,  Compared  with  sham  controls  (A),  neurons  at  24  hr  after 
hypoxia-ischemia  (/))  contain  many  apoptotic  profiles  as  seen  in  cresyl 
violet-stained  sections  of  the  ventral  basal  thalamus  (arrows). 


Fas  receptor  expression  is  induced  in  thalamus  rapidly 
after  neonatal  hypoxia-ischemia 

By  immunoblotting,  Fas  death  receptor  protein  expression  is 
increased  in  the  diencephalon  after  neonatal  hypoxia-ischemia 
(Fig.  2).  In  membrane  protein  fractions  of  newborn  rat  thalamus, 
Fas  was  detected  at  45  kDa,  corresponding  to  the  known  molec¬ 
ular  weight  of  Fas  death  receptor  protein  in  Jurkat  cells.  Jurkat 
cells  were  chosen  as  a  positive  control  because  they  are  known  to 
express  high  levels  of  Fas  death  receptor  (Felderhoff-Mueser  et 
al.,  2000).  A  comparison  of  samples  from  sham-operated  controls 
and  p7  rat  pups  at  3, 6,  and  24  hr  after  hypoxia-ischemia  revealed 
a  significant  ( p  <  0.05)  increase  in  Fas  levels  after  hypoxia- 
ischemia  (Fig.  2)  in  the  rat  thalamus.  This  increase  occurred  as 
early  as  3  hr  after  hypoxia-ischemia.  The  increase  in  Fas  death 
receptor  was  not  caused  by  a  generalized  increase  in  similar 
cytokine  receptor  expression  because  expression  of  the  closely 
related  TNF  receptor  1  did  not  change  in  response  to  neonatai 
hypoxia-ischemia  (Fig.  2). 

Caspase  8  is  cleaved  to  its  active  subunits  after 
neonatal  hypoxia-ischemia 

Procaspase  8  undergoes  cleavage  and  activation  in  cell  culture 
model  systems  of  apoptosis  (Dragovich  et  al.,  1998;  Nagata, 
1999a, b).  Procaspase  8  (54-55  kDa)  is  cleaved  to  its  30  and  18 
kDa  subunits  in  soluble  protein  from  ipsilateral  thalamus  after 
neonatal  hypoxia-ischemia  (Fig.  3).  The  levels  of  procaspase  8  in 
soluble  fractions  decrease  as  the  expression  of  cleaved  subunits 
increases  after  hypoxia-ischemia  (Fig.  3).  Jurkat  cells,  which  are 
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Figure  2.  Fas  death  receptor  protein  levels  increase  in  the  thalamus  after 
neonatal  hypoxia-ischemia.  A,  Top,  Immunoblot  showing  increased  Fas 
death  receptor  protein  in  membrane  fractions  from  thalamic  homoge¬ 
nates  obtained  3,  6,  and  24  hr  after  neonatal  hypoxia-ischemia  compared 
with  noninjured  control  samples.  Jurkat  cell  lysates  were  used  as  a  positive 
control,  because  they  express  high  levels  of  Fas  as  detected  at  45  kDa.  The 
corresponding  45  kDa  band  in  controls  and  injured  thalamic  samples  was 
used  for  quantification.  Bottom,  The  corresponding  Coomassie-stained 
gel.  B,  Top,  Immunoblot  showing  no  change  in  TNFR1  death  receptor 
protein  in  membrane  fractions  from  thalamic  homogenates  obtained  3, 6, 
and  24  hr  after  neonatal  hypoxia-ischemia  compared  with  noninjured 
control  samples.  Bottom,  The  corresponding  Ponceau-stained  blot.  For  A 
and  B  each  lane  represents  a  pooled  sample  of  thalamus  from  three 
animals  at  the  indicated  time  point  (i.e.,  sham  control  and  3,  6,  or  24  hr 
after  hypoxia-ischemia).  C,  Graph  representing  changes  in  Fas  death 
receptor  protein  levels  in  the  thalamus  over  time  after  neonatal  hypoxia- 
ischemia.  Results  are  shown  as  the  mean  ±  SD  of  four  to  five  pooled 
samples  per  time  point  ( *p  <  0.05  compared  with  control).  Jk,  Jurkat  cell 
lysates;  SC,  sham  control. 


highly  sensitive  to  Fas-mediated  apoptosis,  express  both  pro¬ 
caspase  8  and  the  active  subunits  (Fig.  3). 

A  potential  target  of  Fas-' and  caspase  8-mediated  apoptosis  is 
the  Bcl-2  family  protein  Bid  that  has  been  shown  to  cause  cyto¬ 
chrome  c  release  and  subsequent  apoptosis  (Li  et  al.,  1998).  We 
found  no  evidence  of  Bid  cleavage  in  either  soluble  or 
mitochondrial-enriched  fractions  (data  not  shown). 

Ratio  of  mitochondrial  apoptosis-regulating  proteins  is 
altered  rapidly  after  hypoxia-ischemia  in  the  thalamus 
before  the  appearance  of  prominent  apoptosis 

After  neonatal  hypoxia-ischemia,  levels  of  the  proapoptosis  pro¬ 
tein  Bax  rapidly  increase  in  mitochondrial-enriched  fractions  of 
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Figure  3.  Procaspase  8  is  cleaved  to  active  fragments  in  the  thalamus 
after  neonatal  hypoxia-ischemia.  A,  Immunoblot  showing  that  procaspase 
8  (54-55  kDa)  levels  decrease  concurrently  with  an  increase  in  the  levels 
of  the  30  and  18  kDa  active  fragments  of  caspase  8  in  cytosolic  fractions 
from  the  thalamus  at  3,  6,  and  24  hr  after  neonatal  hypoxia-ischemia. 
There  is  a  progressive  increase  in  expression  of  the  active  subunits  during 
the  first  24  hr  after  hypoxia-ischemia  compared  with  controls  (5C). 
Anti-caspase  8  antibody  also  reacts  strongly  with  a  55,  30,  and  18  kDa 
protein  in  Jk  cells  consistent  with  the  proenzyme  and  active  fragment 
forms  of  caspase  8.  Bottom,  The  corresponding  Ponceau-stained  blot. 
Each  lane  represents  a  pooled  sample  of  thalamus  from  three  animals  at 
the  indicated  time  point  (i.e.,  sham  control  and  3,  6,  or  24  hr  after 
hypoxia-ischemia).  B,  Graph  representing  changes  in  abundance  of  the  18 
kDa  active  subunit  of  caspase  8  in  the  thalamus  over  time  after  neonatal 
hypoxia-ischemia.  After  correcting  for  protein-loading  differences  and 
comparing  with  control,  results  are  shown  as  the  mean  ±  SD  of  four  to 
five  pooled  samples  per  time  point  (*p  <  0.05  compared  with  control). 


thalamus  (Fig.  4 A).  Additionally,  at  24  hr  there  is  faint  immuno- 
reactivity  of  an  18  kDa  Bax  band  (Fig.  4 A)  consistent  with  a 
cleaved  fragment  of  Bax  reported  also  to  have  potent  proapop¬ 
tosis  activity  (Wood  and  Newcomb,  2000).  This  increase  in  Bax 
protein,  within  the  mitochondrial  fraction,  occurs  without  a  con¬ 
comitant  change  in  the  level  of  the  antiapoptosis  Bcl-2  protein  in 
the  mitochondrial  fraction  within  the  same  time  period  (Fig.  4 B). 
The  increase  in  expression  of  Bax  and  stable  expression  of  Bcl-2 
proteins  result  in  a  marked  shift  in  protein  abundance  in  favor  of 
proapoptosis  Bax  (Fig.  4C).  A  significant  change  in  the  relative 
abundance  of  Bax  and  Bcl-2  is  evident  as  early  as  3  hr  after 
neonatal  hypoxia-ischemia. 

Cytochrome  c  rapidly  accumulates  in  the  soluble 
fraction  of  thalamus  after  neonatal  hypoxia-ischemia 

Cytochrome  c  levels  increase  in  the  soluble  fraction  as  early  as  3 
hr  after  neonatal  hypoxia-ischemia  (Fig.  5x4).  This  increase  is 
coincident  with  the  appearance  of  cleaved  caspase-8  and  before 
the  increase  in  expression  of  the  12  kDa  subunit  of  caspase  3.  The 


BAX 


Ponceau 


B 


Bcl-2 


St  H  **  m  -rn  mm  26  kDa 

24h  24h  6h  6h  6h  3h  3h  SC 


Coomassie 


c 


Figure  4.  Neonatal  hypoxia-ischemia  causes  an  elevation  in  proapopto¬ 
sis  Bax  protein  levels  in  the  mitochondrial  fraction  but  does  not  alter 
levels  of  antiapoptosis  Bcl-2.  A,  Top,  Immunoblot  shows  increased  Bax 
protein  levels  in  mitochondrial  membrane  fractions  from  the  thalamus 
from  homogenates  obtained  3,  6,  and  24  hr  after  neonatal  hypoxia- 
ischemia  compared  with  noninjured  control  samples  (SC).  Anti-Bax  an¬ 
tibody  recognizes  the  expected  21  kDa  band  corresponding  to  Bax  pro¬ 
tein.  Bottom,  The  corresponding  Ponceau-stained  blot  is  shown.  Each 
lane  represents  a  pooled  sample  of  thalamus  from  three  animals  at  the 
indicated  time  point  (i.e.,  sham  control  and  3,  6,  or  24  hr  after  hypoxia- 
ischemia).  B,  In  comparison  Bcl-2  protein  expression  is  not  changed  in 
mitochondrial  membrane  fractions  from  thalamus  homogenates  obtained 
3,  6,  and  24  hr  after  neonatal  hypoxia-ischemia  compared  with  nonin¬ 
jured  control  samples  (SC).  Anti-Bcl-2  antibody  recognizes  the  expected 
26  kDa  band  corresponding  to  Bcl-2  protein.  Bottom,  The  corresponding 
Coomassie-stained  gel  is  shown.  C,  Graph  represents  alteration  in  relative 
amounts  of  Bax  and  Bcl-2  protein  in  the  mitochondrial  membrane  frac¬ 
tion  in  the  thalamus  over  time  after  neonatal  hypoxia-ischemia.  By  3  hr, 
there  is  a  significant  shift  in  the  Bax/Bcl-2  ratio  favoring  proapoptosis 
Bax.  After  correcting  for  protein-loading  differences  and  comparing  with 
control,  results  are  shown  as  the  mean  ±  SD  of  four  to  five  pooled  samples 
per  time  point  (*p  <  0.05  compared  with  control). 


initial  increase  in  the  amount  of  cytochrome  c  in  the  soluble 
fraction  at  3  hr  is  sustained  at  6  and  24  hr  after  neonatal  hypoxia- 
ischemia  (Fig.  SB). 

Caspase-3  is  cleaved  into  its  active  subunits  at  24  hr 
after  neonatal  hypoxia-ischemia  in  the  thalamus 

Caspases  3  and  8  are  primary  targets  of  death  receptor-mediated 
apoptosis  cascades  (Nagata,  1999b;  Yamada  et  al.,  1999).  When 
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Figure  5.  Cytochrome  c  accumulates  in  the  soluble  fraction  in  the 
thalamus  after  neonatal  hypoxia-ischemia.  A,  Top,  Immunoblot  showing 
increased  cytochrome  c  protein  in  soluble  fractions  from  thalamic  homo¬ 
genates  obtained  3,  6,  and  24  hr  after  neonatal  hypoxia-ischemia  com¬ 
pared  with  noninjured  control  samples  (SC).  Bottom,  The  corresponding 
Ponceau-stained  blot.  Each  lane  represents  a  pooled  sample  of  thalamus 
from  three  animals  at  the  indicated  time  point  (i.e.,  sham  control  and  3, 
6,  or  24  hr  after  hypoxia-ischemia).  B,  Graph  showing  the  accumulation 
of  cytochrome  c  in  the  thalamus  over  time  after  neonatal  hypoxia- 
ischemia.  After  correcting  for  protein-loading  differences  and  comparing 
with  control,  results  are  shown  as  the  mean  ±  SD  of  four  to  five  pooled 
samples  per  time  point  (*p  <  0.05  compared  with  control). 

cleaved  from  its  32  kDa  proenzyme  form,  the  active  12, 17,  and  20 
kDa  fragments  have  a  central  role  in  activating  DNA  fragmenta¬ 
tion  and  other  irreversible  steps  in  apoptosis  (Du  et  al.,  1997). 
Caspase  3  is  cleaved  to  its  active  forms  in  the  thalamus  after 
neonatal  hypoxia-ischemia  (Fig.  6A).  Interestingly  this  activation 
is  found  only  at  24  hr  after  hypoxia-ischemia  (Fig.  6 B).  This 
result  was  confirmed  using  both  the  Santa  Cruz  Biotechnology 
anti-caspase  3  antibody  that  recognizes  procaspase  3  and  the 
active  fragments  and  an  antibody  against  the  17  kDa  cleaved 
caspase  3  fragment. 

Mitochondria  accumulate  at  perinuclear  locations  in 
thalamic  neurons  after  neonatal  hypoxia-ischemia 

Using  a  histochemical  detection  method  for  cytochrome  oxidase 
activity  to  identify  mitochondria,  we  found  that  neurons  in  the 
ventral  basal  thalamus,  after  neonatal  hypoxia-ischemia,  accumu¬ 
late  mitochondria  (Fig.  7).  These  changes  occur  before  the  ap¬ 
pearance  of  a  significant  number  of  apoptotic  profiles  at  24  hr 
(Northington  et  al.,  2001).  In  normal  neurons,  cytochrome  oxi¬ 
dase  activity  is  evenly  distributed  throughout  the  cell  soma  in 
ventral  basal  thalamic  neurons  (Fig.  1A).  In  contrast,  by  3-6  hr 
after  neonatal  hypoxia-ischemia,  mitochondria  within  neurons  in 
the  ipsilateral  ventral  basal  thalamus  exhibit  intense  cytochrome 
oxidase  activity  and  form  prominent  perinuclear  aggregates  of 
mitochondria  (Fig.  IB).  These  changes  are  most  prominent  in 
neurons  in  the  chromatolytic  stage  of  early  neuronal  apoptosis 
(Fig.  1C,  cytochrome  oxidase  histochemistry  and  cresyl  violet 
counterstaining)  according  to  a  recently  proposed  staging  scheme 
for  apoptosis  of  neurons  (Al-Abdulla  and  Martin,  1998;  Al- 
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Figure  6.  Cleavage  of  procaspase  3  to  active  fragments  occurs  at  24  hr 
after  neonatal  hypoxia-ischemia.  A,  Top,  Immunoblot  shows  levels  of  32 
kDa  procaspase  3  and  its  lower  molecular  weight  cleavage  products  in 
thalamus  cytosolic  fractions  from  homogenates  obtained  3,  6,  and  24  hr 
after  neonatal  hypoxia-ischemia  compared  with  noninjured  control  sam¬ 
ples  (SC).  Bottom,  The  corresponding  Coomassie-stained  blot  is  shown. 
Each  lane  represents  a  pooled  sample  of  thalamus  from  three  animals  at 
the  indicated  time  point  (i.e.,  sham  control  and  3,  6,  or  24  hr  after 
hypoxia-ischemia).  B,  Graph  represents  change  in  expression  of  thel2 
kDa  cleavage  product  in  the  thalamus  over  time  after  neonatal  hypoxia- 
ischemia.  Not  until  24  hr  is  there  a  significant  increase  in  the  expression 
of  the  12  kDa  fragment.  After  correcting  for  protein-loading  differences 
and  comparing  with  control,  results  are  shown  as  the  mean  ±  SD  of  four 
to  five  pooled  samples  per  time  point  ( *p  <  0.05  compared  with  control). 

Abdulla  et  al.,  1998;  Martin  et  al.,  1999).  In  these  cells,  dense 
cytochrome  oxidase-positive  aggregates  cluster  adjacent  to  pe¬ 
ripherally  displaced  nuclei.  By  24  hr,  cells  in  late  phases  of 
apoptosis  with  tightly  condensed  chromatin  aggregates  have 
lost  or  are  losing  immunoreactivity  for  cytochrome  oxidase 
(Fig.  ID,  cytochrome  oxidase  histochemistry  and  cresyl  violet 
counterstaining) 

The  accumulation  of  mitochondria  in  the  thalamus  after  neo¬ 
natal  hypoxia-ischemia  was  confirmed  indirectly  by  immunoblot- 
ting.  By  immunoblotting,  levels  of  COX1  increased  after  neonatal 
hypoxia-ischemia  (Fig.  8).  Expression  of  this  inner  mitochondrial 
membrane  protein  increases  in  the  thalamus  (Fig.  8/1).  In  the 
thalamus,  a  significant  increase  in  expression  of  COX1  is  evident 
at  6  hr  after  hypoxia-ischemia  (Fig.  8 B)  coincident  with  the  peak 
of  cytochrome  oxidase  activity  in  neurons  in  early  phases  of 
apoptotic  neurodegeneration  (Fig.  1C). 

DISCUSSION 

We  found  previously  that  neuronal  degeneration  in  the  neonatal 
thalamus  after  hypoxia-ischemia  is  apoptosis  (Northington  et  al., 
2001).  In  this  study,  we  explored  the  mechanisms  and  conclude 
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Figure  7.  Mitochondria  accumulate  in  a  perinuclear  location  in  ventral 
basal  thalamic  neurons  after  neonatal  hypoxia-ischemia.  Histochemistry 
for  cytochrome  oxidase  activity  in  the  thalamus  after  neonatal  hypoxia- 
ischemia  shows  intense  cytochrome  oxidase  activity  in  mitochondria  and 
alteration  in  appearance  and  intracellular  location  of  mitochondria  after 
neonatal  hypoxia-ischemia.  At  6  hr,  mitochondria  are  densely  immuno- 
reactive  for  cytochrome  oxidase,  assuming  a  punctate  appearance  and 
clustering  near  nuclei  that  are  in  the  chromatolytic  phase  of  apoptosis  ( B , 
C,  cytochrome  oxidase  histochemistry  and  cytochrome  oxidase  histo¬ 
chemistry  counterstained  with  cresyl  violet,  respectfully).  By  24  hr  (£>), 
cytochrome  oxidase  immunoreactivity  is  dissipating  in  thalamic  neurons 
undergoing  late  stages  of  apoptotic  degeneration.  Three  cells  with  densely 
condensed  chromatin  are  shown  with  variable  but  decreasing  levels  of 
cytochrome  oxidase  activity.  Scale  bars:  A-C,  12  pm;  D,  6  pm. 

that  delayed  neuronal  degeneration  in  neonatal  rat  thalamus  after 
hypoxia-ischemia  has  biochemical  and  molecular  features  of  ap¬ 
optosis.  The  findings  that  support  this  conclusion  are  (1)  in¬ 
creased  Fas  death  receptor  levels,  (2)  an  alteration  in  the  levels  of 
Bax  and  Bcl-2  favoring  apoptosis-promoting  Bax,  (3)  intracellular 
redistribution  of  active  mitochondria,  (4)  accumulation  of  soluble 
cytochrome  c,  and  (5)  cleavage  of  caspases  8  and  3  to  active 
forms.  This  cascade  of  biochemical  and  molecular  events  is  con¬ 
sistent  with  Fas-mediated,  mitochondrial-amplified,  apoptosis  as 
a  major  mechanism  of  delayed  neurodegeneration  after  neonatal 
hypoxia-ischemia. 

Thalamic  damage  after  hypoxia-ischemia  in  newborns  has  long 
been  recognized  and  is  particularly  important  in  infants  with 
extrapyramidal  cerebral  palsy  (Malamud,  1950;  Volpe,  1995;  Ro¬ 
land  et  al.,  1998).  Human  neuroimaging  and  neuropathological 
studies  have  revealed  that  the  thalamus  is  among  the  selectively 
vulnerable  brain  regions  in  the  human  newborn  (Yokochi  et  al., 
1991;  Barkovich,  1995;  Roland  et  al.,  1998).  Despite  recognition 
of  injury  to  the  thalamus  in  children  with  cerebral  palsy,  the 
contribution  of  delayed  injury  and  injury  to  nonforebrain  regions 
to  the  development  of  cerebral  palsy  has  been  less  well  studied. 
The  ventral  basal  thalamus  contains  afferent  and  efferent  connec¬ 
tions  to  the  ipsilateral  cortex  and  functions  prominently  in  sen¬ 
sorimotor  integration  (Erzurumlu  and  Jhaveri,  1990).  Injury  to 
these  circuits  interrupts  cortical  sensory  function  and  the  integra¬ 
tion  of  sensory  information  into  volitional  movement  (White, 
1989).  Damage  to  motor  relay  nuclei  in  the  thalamus  may  lead  to 
movement  disorders  such  as  ataxia  or  dystonia  (White,  1989)  and 
when  this  injury  occurs  in  the  immature  brain  may  contribute  to 
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Figure  8.  COX1  protein  increases  in  thalamic  mitochondrial  protein 
fractions  coincident  with  mitochondrial  accumulation  after  neonatal  hy¬ 
poxia-ischemia.  A,  Top,  Immunoblot  shows  an  increase  in  COX1  protein 
in  mitochondria-enriched  membrane  fractions  from  the  thalamus  from 
homogenates  obtained  3,  6,  and  24  hr  after  neonatal  hypoxia-ischemia 
compared  with  noninjured  control  samples  (SC).  Bottom,  The  corre¬ 
sponding  Ponceau-stained  blot  is  shown.  Each  lane  represents  a  pooled 
sample  of  thalamus  from  three  animals  at  the  indicated  time  point  (i.e., 
sham  control  and  3,  6,  or  24  hr  after  hypoxia-ischemia).  B,  Graph 
represents  changes  in  COX1  protein  levels  in  the  thalamus  over  time  after 
neonatal  hypoxia-ischemia.  The  maximal  increase  at  6  hr  corresponds 
nicely  with  the  peak  in  mitochondrial  accumulation  seen  at  6  hr  in  Figure 
1C.  After  correcting  for  protein-loading  differences  and  comparing  with 
control,  results  are  shown  as  the  mean  ±  SD  of  four  to  five  pooled  samples 
per  time  point  (*p  <  0.05  compared  with  control). 

the  motor  and  sensory  handicaps  suffered  by  children  with  cere¬ 
bral  palsy. 

In  the  model  of  neonatal  brain  injury  used  in  these  studies,  the 
ipsilateral  forebrain  is  the  most  vulnerable  region  and  clearly 
represents  the  ischemic  core  of  the  lesion  (Rice  et  al.,  1981). 
However,  the  thalamus  is  also  damaged  in  this  and  most  other 
models  of  neonatal  brain  injury  (present  data)  (Myers,  1975; 
Towfighi  et  al.,  1991,  1995;  Martin  et  al.,  1997a;  Northington  et 
al.,  2001).  We  postulated  that  this  thalamic  injury  is  apoptosis. 
We  identified  increased  Fas  death  receptor  protein  levels  in  the 
ventral  basal  thalamus  after  neonatal  hypoxia-ischemia.  This 
observation  suggests  an  additional  link  between  cytokine-  and 
hypoxia-ischemia-mediated  neonatal  brain  injury.  Previous  stud¬ 
ies  have  demonstrated  activation  of  interleukin  (IL)  (Szaflarski  et 
al.,  1995)  neuroprotection  with  cytokine  antagonists  and  in  the 
absence  of  IL-l/3-converting  enzyme  (Liu  et  al.,  1996, 1999).  The 
mechanism  of  hypoxia-ischemia-induced,  cytokine-mediated  cell 
death  in  the  developing  brain  has  not  been  clearly  defined.  The 
present  study  demonstrates  that  hypoxia-ischemia  induces  a  cy¬ 
tokine  death  receptor  that  functions  in  apoptosis  (Nagata, 
1999b).  Although  we  have  not  shown  directly  that  Fas  is  induced 
in  thalamic  neurons,  the  rapid  induction  (by  3  hr)  and  the  sus¬ 
tained  elevation  over  the  relevant  time  preceding  thalamic  neu- 
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ronal  apoptosis  make  Fas  death  receptor  induction  unlikely  to  be 
the  result  of  inflammation. 

An  elevation  in  Fas  death  receptor  is  a  link  to  multiple  path¬ 
ways  of  cell  death.  Fas  is  a  member  of  the  TNFR  family.  Oli¬ 
gomerization  of  Fas  death  receptor  and  recruitment  of  FADD/ 
MORT1  and  procaspase  8  create  the  death-inducing  signal 
complex  (DISC).  DISC  is  a  potent  apoptosis  stimulus  in  multiple 
cell  culture  models.  When  procaspase  8  is  bound  by  the  DISC, 
autocleavage  to  its  active  fragments  occurs.  Cleaved  caspase  8 
then  acts  directly  and  indirectly  to  cleave  caspase  3,  depending  on 
cell  type  and  injury  stimulus  (Dragovich  et  al.,  1998;  Nagata, 
1999a, b).  Cleavage  of  caspase  3  is  generally  considered  one  of  the 
irreversible  steps  immediately  responsible  for  the  execution  of 
apoptosis  in  which  the  cell  develops  the  morphological  features 
recognizable  as  late-stage  apoptosis  (Petit  et  al.,  1996).  Our  data 
demonstrate  early  Fas  death  receptor  elevation  and  early  and 
progressive  cleavage  of  caspase  8  to  its  active  form,  followed  by 
delayed  caspase  3  cleavage  just  at  the  time  of  appearance  of 
significant  apoptosis  in  the  thalamus  after  neonatal  hypoxia- 
ischemia.  This  change  is  selective  for  Fas  because  TNFR1  was 
not  changed.  We  have  not  yet  shown  activation  of  caspase  8  and 
caspase  3  specifically  in  thalamic  neurons  because  of  the  lack  of 
specific  reagents.  Fas  death  receptor  protein  and  downstream 
caspase  3  cleavage  likely  bracket  an  important  signaling  cascade 
for  apoptotic  neurodegeneration  in  the  thalamus. 

Direct  caspase  8  cleavage  of  caspase  3  is  the  original  model  of 
Fas-mediated  apoptosis  signaling  (Dragovich  et  al.,  1998);  how¬ 
ever  mitochondria  and  mitochondrial  apoptosis-regulating  pro¬ 
teins  of  the  bcl-2  family  are  now  known  to  amplify  cell  death 
signals  greatly  (Susin  et  al.,  1997).  Bid,  a  cytosolic  protein  with 
homology  to  the  BH3  domain  of  the  Bcl-2  family,  is  cleaved  in 
several  models  of  Fas-mediated  apoptosis  and  causes  cytochrome 
c  release  from  the  mitochondria  (Susin  et  al.,  1997;  Nagata, 
1999a).  We  did  not  find  evidence  of  Bid  cleavage  in  the  present 
model.  However,  we  did  find  cytochrome  c  accumulation  in  the 
soluble  fraction.  Most  of  the  bcl-2  family  of  proteins  that  regulate 
the  rate  of  programmed  cell  death  are  normally  present  within 
mitochondrial  membranes.  Several  in  vivo  and  in  vitro  systems 
have  shown  the  ratio  of  the  proapoptosis  protein  Bax  and  the 
antiapoptosis  proteins  Bcl-2  and  Bcl-x(l)  to  be  critical  in  deter¬ 
mining  cell  survival  (Krajewski  et  al.,  1995;  Vekrellis  et  al.,  1997; 
Isenmann  et  al.,  1998;  Antonawich  et  al.,  1999;  Martin,  1999; 
Shimizu  et  al.,  1999;  Almeida  et  al.,  2000). 

We  find  a  marked  alteration  in  the  balance  of  proapoptosis  and 
antiapoptosis  bcl-2  proteins  in  the  P2  fraction  of  thalamus  after 
hypoxia-ischemia.  This  accumulation  of  Bax  in  the  mitochondrial- 
enriched  fraction  occurs  before  caspase  3  cleavage  and  the  ap¬ 
pearance  of  large  numbers  of  apoptotic  profiles  (present  data) 
(Northington  et  al.,  2001).  A  fourfold  increase  in  the  amount  of 
proapoptosis  protein  Bax  in  the  mitochondrial-enriched  fraction 
was  detected  by  3  hr  after  injury,  whereas  the  amount  of  Bcl-2  in 
the  mitochondria  is  not  changed  during  the  first  24  hr  after 
hypoxia-ischemia.  These  changes  in  the  relative  ratio  of  Bax  to 
Bcl-2  favors  the  formation  of  Bax  homodimers,  the  configuration 
in  which  Bax  exerts  its  proapoptosis  activity  (Gross  et  al.,  1998). 
Bax  normally  exists  as  a  cytosolic  protein  and  is  translocated  to 
the  mitochondria  after  ligation  of  Fas  receptor.  This  translocation 
is  inhibited  by  Bcl-2  (Murphy  et  a!.,  2000).  The  present  data 
suggest  active  mitochondrial  translocation  of  Bax  greatly  in  ex¬ 
cess  of  the  steady-state  amount  of  Bcl-2.  This  is  consistent  with  a 
strong  death  signal  and  may  participate  in  mitochondrial  ampli¬ 
fication  of  Fas-mediated  apoptosis.  Cleavage  of  Bax  to  an  18  kDa 


isoform  also  enhances  its  cell  death  potency  (Wood  and  New¬ 
comb,  2000).  Although  neither  antibody  used  in  the  present  study 
was  designed  to  detect  the  18  kDa  isoform,  there  is  weak  expres¬ 
sion  of  an  18  kDa  Bax  band  in  the  diencephalon  at  24  hr  after 
neonatal  hypoxia-ischemia.  The  late  appearance  of  this  isoform 
in  mitochondrial-enriched  fractions  is  consistent  with  published 
reports  of  calpain-mediated  Bax  cleavage  after  translocation  of 
Bax  to  the  mitochondria  (Wood  and  Newcomb,  1999). 

Release  of  cytochrome  c  and  changes  in  mitochondrial  mor¬ 
phology  and  membrane  potential  and  function  precede  caspase  3 
activation  in  in  vitro  model  systems  (Zamzami  et  al.,  1996; 
Vander  Heiden  et  al.,  1997).  Cytochrome  c  has  been  identified  as 
APAF2,  and  cytochrome  c  release  is  the  immediate  upstream 
event  preceding  caspase  3  cleavage  and  the  execution  phase  of 
apoptosis  (Susin  et  al.,  1999).  Our  data  show  that  cytochrome  c 
accumulates  in  the  soluble  fraction  of  thalamus,  in  concert  with 
caspase  8  cleavage  and  an  altered  Bax/Bcl-2  ratio  and  before  the 
appearance  of  large  amounts  of  caspase  3  cleavage.  In  axotomy 
models  of  neuronal  apoptosis,  mitochondrial  trafficking  is  altered 
with  perinuclear  accumulation  of  mitochondria  in  neurons  as  they 
undergo  apoptosis  (Al-Abdulla  and  Martin,  1998;  Martin  et  al., 
1999),  a  finding  very  similar  to  that  of  the  present  study.  These 
previous  in  vitro  and  in  vivo  observations  support  our  conclusions 
described  here.  Within  3-6  hr  after  neonatal  hypoxia-ischemia, 
neurons  in  the  ventral  basal  thalamus  exhibit  marked  accumula¬ 
tion  of  mitochondria  (as  revealed  by  intense  cytochrome  oxidase 
activity)  and  simultaneously  display  altered  morphology.  The 
mitochondria  assume  a  prominent  punctate  appearance  and  con¬ 
centrate  in  a  perinuclear  location.  As  thalamic  neurons  enter  late 
stages  of  apoptosis,  the  cytoplasm  becomes  progressively  devoid 
of  COX  activity.  These  data  are  consistent  with  immunoblotting 
for  cytochrome  oxidase  subunit  1  protein,  which  shows  maximal 
levels  at  6  hr  after  neonatal  hypoxia-ischemia  in  the  thalamus. 
Taken  together  these  data  provide  evidence  of  the  participation 
of  mitochondria  in  thalamic  neurodegeneration  after  neonatal 
hypoxia-ischemia. 

In  summary,  these  experiments  provide  the  first  evidence  of  the 
presence  of  crucial  components  of  Fas-mediated,  mitochondrial- 
amplified,  apoptosis  in  the  thalamus  after  neonatal  brain  injury. 
These  findings  are  important  for  the  further  understanding  of  the 
mechanisms  of  neuronal  apoptosis  in  the  immature  brain.  Eventu¬ 
ally,  these  studies  may  be  important  for  development  of  appropri¬ 
ately  timed  and  targeted  therapies  for  the  protection  of  the  neo¬ 
natal  brain  and  rescue  of  neurons  after  hypoxic -ischemic  insults. 
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We  used  silver  staining  to  demonstrate  neuronal  cell  body,  axonal,  and  terminal  degeneration  in  brains 
from  p7  rat  pups  recovered  for  0,  1.5,  3,  6,  24,  48,  72  h,  and  6  days  following  hypoxia-ischemia.  We 
found  that  initial  injury  is  evident  in  ipsilatera!  forebrain  by  3  h  following  hypoxia-ischemia,  while  injury 
in  ventral  basal  thalamus  develops  at  24  h.  A  secondary  phase  of  injury  occurs  at  48  h  in  ipsilateral 
cortex,  but  not  until  6  days  in  basal  ganglia.  Initial  injury  in  striatum  and  cortex  is  necrosis,  but  in 
thalamus  the  neurodegeneration  is  primarily  apoptosis.  Degeneration  also  occurs  in  bilateral  white 
matter  tracts,  and  in  synaptic  terminal  fields  associated  with  apoptosis  in  regions  remote  from  the 
primary  injury.  These  results  show  that  hypoxia-ischemia  in  the  developing  brain  causes  both  early 
and  delayed  neurodegeneration  in  specific  systems  in  which  the  morphology  of  neuronal  death  is 
determined  by  time,  region,  and  potentially  by  patterns  of  neuronal  connectivity,  c  2001  Academic  Press 


INTRODUCTION 

While  acute  perinatal  brain  injury  does  not  account 
for  the  majority  of  cerebral  palsy  (Nelson  and  Grether, 
1999),  the  neurologic  handicaps  caused  by  perinatal 
anoxia  due  to  asphyxia  and  lack  of  cerebral  blood  flow 
are  severe  (Lorenz  et  ah,  1998).  The  mechanisms  for 
brain  injury  after  hypoxia/ischemia  are  thought  to 
include  energy  failure,  free  radical  damage,  cytokine 
and  excitotoxicity,  and  caspase-dependant  cell  death 
(Barks  and  Silverstein,  1992;  Cheng  et  ah,  1998;  Hagan 
et  ah,  1996;  Liu  et  ah,  1996;  Martin  et  ah,  1997;  Mc¬ 
Donald  et  ah,  1988).  Yet,  the  mechanisms  that  underlie 
the  overall  distribution  and  progression  of  neuronal 
injury  after  neonatal  hypoxia-ischemia  remain  un¬ 
clear.  Understanding  these  mechanisms  and  a  possible 
role  of  neuronal  connections  in  the  evolution  of  hy¬ 
poxic-ischemic  injury  in  the  immature  brain  is  neces¬ 


sary  to  more  fully  explain  the  modes  of  neurodegen¬ 
eration  and  the  subsequent  cognitive,  motor,  sensory, 
and  attentional  disabilities  that  occur  after  perinatal 
brain  injury  (Lorenz  et  ah,  1998). 

Necrosis  is  a  likely  cause  of  acute  neuronal  cell 
death  in  the  ipsilateral  cortex  and  basal  ganglia  after 
neonatal  hypoxic-ischemic  injury  (Rice  et  al.,  1981; 
Towfighi  et  ah,  1995),  but  the  structure  of  cell  death  in 
remote  regions  has  not  been  investigated.  Demonstra¬ 
tion  that  caspase  inhibitors  provide  neuroprotection  in 
this  model  (Cheng  et  ah,  1998),  suggests  that  cell  death 
can  occur  by  both  necrosis  and  apoptosis  or  by  cyto¬ 
kine-mediated  inflammatory  reactions.  Neuronal  cell 
death  following  trophic  factor  withdrawal,  as  occurs 
after  interruption  of  neuronal  connectivity  by  ax- 
otomy  and  during  normal  nervous  system  develop¬ 
ment,  also  has  characteristics  of  apoptosis  (Eves  et  ah, 
1996;  Li  et  ah,  1998). 
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During  the  perinatal  period,  neuronal  connections 
are  forming  between  brain  regions  (Bolz  et  al,  1990; 
Shatz,  1996).  Developing  neurons  are  highly  depen¬ 
dent  on  trophic  support.  Interruption  of  neuronal  con¬ 
nectivity  and  resultant  target  deprivation  causes  cell 
death  in  the  immature  brain  more  rapidly  and  fre¬ 
quently  than  in  the  mature  brain  (Miller  and  Kuhn, 
1997).  Loss  of  connectivity  from  deafferentation  is  also 
a  mechanism  of  injury  in  the  developing  brain  (Kotak 
and  Sanes,  1997;  Miller  and  Kuhn,  1997).  The  potential 
for  neuronal  connectivity  to  dictate  the  selective  dis¬ 
tribution  of  brain  injury  in  the  neonate  has  been  sus¬ 
pected  (Martin  et  al,  1997;  Oo  et  al.,  1995).  However, 
the  role  of  neuronal  connectivity  in  mediating  the 
timing,  pattern,  and  extent  of  delayed  injury  in  new¬ 
borns  remains  unknown. 

Thus,  brain  damage  after  hypoxia-ischemia  in  new¬ 
borns  could  result  from  mechanisms  directly  related 
to  the  hypoxic-ischemic  insult  per  se  (e.g.,  energy  fail¬ 
ure  and  acute  cell  necrosis)  and  from  secondary  mech¬ 
anisms  triggered  by  the  resultant  early-occurring  neu¬ 
rodegeneration.  In  this  study,  we  tested  the  hypothe¬ 
sis  that  the  selective  vulnerability  of  different  brain 
regions  and  the  time  at  which  this  neurodegeneration 
emerges  segregates  as  different  forms  of  neuronal  cell 
death,  with  patterns  of  distribution  that  suggest  a  role 
for  neuronal  connectivity  in  hypoxic-ischemic  neuro¬ 
degeneration  in  the  immature  brain. 

METHODS 

Hypoxia-ischemia  in  p7  rats.  The  Rice-Vannucci 
(Rice  et  al.,  1981)  neonatal  adaptation  of  the  Levine 
procedure  (Levine,  1960)  was  used  to  cause  hypoxic 
ischemic  brain  injury  in  7-day-old  (p7)  rats.  In  brief, 
rat  pups  were  anesthetized  with  2.5%  halothane,  15% 
nitrous  oxide,  in  02.  The  right  common  carotid  artery 
was  permanently  ligated  (in  sham  controls  the  ligature 
was  passed  around  the  artery  and  removed).  After  the 
wound  was  sutured,  the  pups  recovered  from  anes¬ 
thesia  and  returned  to  the  dam.  Two  hours  later,  pups 
were  placed  in  an  air-tight  container  in  a  37°C  water 
bath  through  which  humidified  8%  02,  balance  nitro¬ 
gen  flowed  for  150  min.  After  hypoxia,  pups  were 
returned  to  the  dam  until  sacrifice. 

Brains  were  retrieved  at  0, 1.5,  3,  6,  24,  48,  72  h,  and 
6  days  (n  =  6  for  each  time  point)  following  the  end  of 
hypoxia.  The  multiple  early  time  points  were  chosen 
because  our  data,  as  well  as  that  of  others,  showed  a 
faster  progression  of  injury  after  hypoxia-ischemia  in 
neonates  as  compared  to  adults  (Martin  et  al,  1997; 


Towfighi  et  al,  1995).  These  time  points  would  allow 
detection  of  small,  but  possibly  important,  differences 
in  time  of  onset  of  injury  within  regions  undergoing 
primary  acute  neurodegeneration.  The  later  time 
points  allow  identification  of  the  extent  and  type  of 
injury  in  axonal  pathways  and  in  remote  regions.  Con¬ 
trol  groups  consisted  of  (a)  sham-operated  littermates, 
(b)  littermates  with  carotid  ligation  not  exposed  to 
hypoxia,  and  (c)  littermates  exposed  to  hypoxia  alone 
for  the  same  duration  as  experimental  pups.  Sham 
controls  were  sacrificed  on  postnatal  day  7,  8,  9,  10, 
and  13  (n  =  4  at  each  age)  to  control  for  occurrence  of 
naturally  occurring  cell  death  in  the  developing  brain. 
Hypoxia  only  controls,  sacrificed  at  24  and  72  h  and  6 
days  after  hypoxia,  were  used  to  demonstrate  that 
injury  in  remote  regions  is  not  due  to  systemic  hypox¬ 
emia  (n  =  4-6  at  each  time  point).  Ligation-only  con¬ 
trols,  sacrificed  24  h  after  surgery,  were  used  to  vali¬ 
date  our  use  of  the  model  ( n  =  4). 

All  animal  studies  received  prior  approval  from  the 
Animal  Care  and  Use  Committee  of  Johns  Hopkins 
University  School  of  Medicine  and  were  performed  in 
accordance  with  the  NIH  "Guide  for  the  Care  and  Use 
of  Laboratory  Animals,"  U.S.  Department  of  Health 
and  Human  Services  85-23,  1985. 

Retrograde  tracing.  To  reveal  the  afferent  and  effer¬ 
ent  connections  with  the  ipsilateral  cortex,  the  follow¬ 
ing  procedure  was  performed.  Anesthetized  p4  pups 
(n  =  6)  were  secured  in  a  miniature  stereotaxic  appa¬ 
ratus  (Stoelting,  Wood  Dale,  IL),  the  scalp  incised,  the 
skull  overlying  the  parasaggital  parietal/ occipital  cor¬ 
tex  removed,  and  10  nl  of  the  florescent  retrograde 
tracer,  Fluorogold  (Fluorochrome  Inc.,  Englewood, 
CO),  was  injected  into  the  superficial  cortex.  The  scalp 
was  sutured  and  the  pups  returned  to  the  dam  until 
p7.  To  demonstrate  the  presence  of  cell  death  within 
regions  with  connections  to  the  ipsilateral  cortex,  rat 
pups  (n  =  6)  injected  with  fluorogold  on  p4  were 
exposed  to  hypoxia-ischemia  as  described  above  and 
perfused  48  h  after  hypoxia  for  combined  fluorogold 
immunocytochemistry  and  cresyl  violet  staining. 

Tissue  preparation.  Animals  were  killed  with  an 
overdose  of  pentobarbital,  65  mg/kg  IP,  and  exsan¬ 
guinated  with  cold  0.1  M  PBS  (pH  7.4)  via  intracardiac 
perfusion.  Brains  were  perfusion  fixed  with  4%  para¬ 
formaldehyde  in  PBS  for  30  min  at  4  ml/min.  The 
brains  were  removed,  postfixed  in  4%  paraformalde¬ 
hyde  overnight,  cryoprotected  in  30%  sucrose,  and 
frozen  in  isopentane  (— 30°C).  Coronal  sections  (60 
p,m)  were  cut  on  a  sliding  microtome  for  cresyl  violet, 
immunocytochemistry,  and  silver  staining. 

Immunocytochemistry.  In  preparation  for  detection 
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of  retrograde  labeling,  sections  were  washed  in  0.05  M 
TBS  (pH  =  7.4,  3  X  10  min),  endogenous  peroxidase 
activity  blocked  with  cold  methanol/^Oj,  permeabil- 
ized  with  0.04%  Triton  (TX)  (30  min),  and  blocked 
with  4%  normal  goat  serum  (NGS)/0.01%  TX  (60  min). 
Tissues  were  incubated  with  anti-fluorogold  antibody 
(Chemicon,  Temecula,  CA)  1:5000)  in  2%  NGS/0.01% 
TX  overnight  at  4°C.  Sections  were  washed  (TBS,  3  X 
10  min),  incubated  with  GARB  (Fab2)  (ICN-Cappel, 
West  Chester,  PA,  1:75,  60  min),  washed,  and  incu¬ 
bated  with  rabbit  peroxidase  anti-peroxidase  (Stem- 
berger  Monoclonals,  Baltimore,  MD)  (1:200,  60  min). 
Immunoreactivity  was  detected  using  diaminobenzi- 
dine  as  the  chromagen. 

Apoptotic  profiles.  Both  silver  and  cresyl  violet 
staining  allowed  examination  of  nuclear  morphology 
in  degenerating  cells  with  ready  identification  of  ne¬ 
crotic  and  apoptotic  cells  in  most  cases.  Cells  meeting 
the  light  microscopic  morphologic  criteria  for  apopto¬ 
sis  (Martin  et  al.,  1998)  were  counted  in  three  400X 
fields  within  the  ventral  basal  thalamus  with  the  aid  of 
a  grid  on  cresyl  violet  stained  sections.  Only  cells  with 
a  few  (iS  3)  clearly  defined  large,  regular  chromatin 
clumps  were  counted  as  apoptotic.  Counts  in  the  three 
fields  were  averaged  to  give  a  single  value  for  each 
section.  Three  sections  through  the  ventral  basal  thal¬ 
amus  were  counted  for  each  animal  and  averaged  for 
a  single  value  per  animal.  Potential  sampling  bias  in 
the  counting  of  apoptotic  profiles  was  minimized  by 

(1)  counting  apoptotic  profiles  within  a  constant  ref¬ 
erence  volume  within  the  ventral  basal  thalamus  and 

(2)  counting  cells  only  once,  at  the  first  appearance  of 
the  apoptotic  nuclei  as  the  tissue  was  scanned  through 
the  Z  axis.  Split  cell  counts  were  minimized  because  of 
the  thickness  of  the  sections  (60  pm)  and  the  relative 
smallness  of  the  apoptotic  profiles.  Sham  control  and 
hypoxia-only  controls  were  counted  in  identical  man¬ 
ner  at  each  of  the  previously  mentioned  postnatal  ages 
and  posthypoxia  time  points.  Neither  sham  controls 
nor  hypoxia-only  controls  showed  a  change  in  number 
of  apoptotic  profiles  over  the  time  courses  analyzed, 
therefore  the  results  for  sham  and  hypoxia-only  con¬ 
trols  were  combined  as  single  values  for  ease  of  pre¬ 
sentation  (Fig.  3A). 

Silver-staining.  Silver  staining  allows  identification 
of  aggregated  neurofilament  proteins  in  degenerating 
neuronal  elements  within  specific  neuroanatomical  re¬ 
gions.  It  has  been  validated  and  is  a  highly  reproduc¬ 
ible  technique  for  identification  of  neuronal  injury  (Du 
et  al.,  1998).  For  silver  staining,  coronal  sections  were 
washed  repeatedly  in  PBS  for  48  h  to  remove  sucrose. 
Tissue  was  reimmersed  in  4%  paraformaldehyde/0.1 


M  PBS  X  96  h.  FD  Neuro  Silver  kit  (FD  Neurotech¬ 
nologies  Inc.,  Baltimore,  MD)  was  used  for  silver 
staining.  Silver-stained  tissue  was  mounted,  cover- 
slipped  without  dehydration  in  ETOH,  and  protected 
from  light. 

Optical  densitometry.  Optical  densitometry  (OD) 
was  used  for  quantitative  analysis  of  time  course  of 
neurodegeneration  after  hypoxia-ischemia  within  the 
cortex,  striatum,  and  thalamus.  Previous  time  courses, 
in  this  model  have  utilized  cresyl  violet  and  H&E 
histochemistry.  OD  of  silver-stained  sections  allowed 
the  contribution  of  axonal,  terminal,  and  cell  body 
damage  to  the  overall  progression  of  injury  after  hy¬ 
poxia-ischemia  to  be  determined  in  contrast  to  the 
previous  methods  that  primarily  evaluated  injury  to 
the  cell  body.  Validation  of  this  technique  for  the 
purposes  of  this  study  is  provided  in  Fig.  3B;  see 
Results. 

Silver  stained  sections  from  three  coronal  levels 
were  analyzed.  The  levels  were  (1)  anterior  striatum, 
(2)  midstriatum  at  the  level  of  the  anterior  commis¬ 
sure,  and  (3)  the  level  of  hippocampal  dentate  gyrus, 
including  ventral  basal  thalamic  nuclei.  Parasagittal 
cortex  and  striatum  were  analyzed  in  all  three,  and 
two  of  the  three  coronal  levels,  respectively.  Within 
the  thalamus,  the  ventral  basal  complex  including  lat¬ 
eral  geniculate  nucleus,  which  has  major  projections  to 
cortex,  was  analyzed.  Time  of  onset  of  initial  neuro¬ 
degeneration  and  additional  progression  of  injury 
were  compared  between  ipsilateral  cortex,  striatum, 
and  thalamus. 

Sections  were  digitized  using  an  image  analysis  sys¬ 
tem  and  LA  Inquiry  Software  (Loats  Assoc.,  Westmin¬ 
ster,  MD).  OD  measurements  were  obtained  from  out¬ 
lined  areas  of  interest  in  parasagittal  cortex  at  each  of 
three  coronal  levels,  from  striatum  in  the  two  anterior- 
most  sections  and  from  the  ventral  basal  thalamus  in 
the  most  posterior  section.  The  measurements  for  cor¬ 
tex  and  striatum  were  averaged  to  give  one  value/ 
region /animal.  OD  measurements  were  corrected  for 
background  staining  by  subtracting  the  OD  in  a  con¬ 
tralateral  structure  with  equal  neuronal  density  but 
without  evidence  of  injury.  This  correction  for  cell 
density  plus  the  use  of  an  average  integrated  OD  over 
the  entire  sample  should  minimize  any  contribution  of 
variation  in  size  of  area  of  interest  to  the  results  in 
relation  to  progression  of  injury  (i.e.,  edema  or  atro¬ 
phy).  Based  on  previous  description  of  the  present 
model  (Towfighi  et  al,  1991)  and  present  data,  it  was 
found  that  cavitary  lesions  develop  in  the  parasagittal 
cortex  at  s72  h,  making  it  impossible  to  obtain  rele¬ 
vant  densitometry  measurements.  Therefore,  we 
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FIG.  1.  Neonatal  hypoxia-ischemia  causes  neurodegeneration  in 
ipsilateral  cortex,  striatum,  and  thalamus,  which  can  be  measured 
densitometrically  in  silver-stained  sections.  Optical  density  mea¬ 
surements  from  ipsilateral  cortex  (top  panel),  ipsilateral  striatum 
(middle  panel),  and  ipsilateral  ventral  basal  thalamus  (bottom 
panel)  were  obtained  from  coronal  sections  of  brains  perfused  at  0, 
1.5,  3,  6,  24,  48,  72  h,  and  6  days  following  hypoxia-ischemia  and 
stained  with  FD  Neuro-silver  kit.  Control  groups  included  animals 
exposed  to  no  manipulation  or  to  hypoxia-only  and  survived  for 
24  h,  72  h,  or  6  days.  Because  animals  exposed  to  hypoxia-only 
showed  no  increase  in  OD  at  any  time  point,  the  results  were 
presented  as  a  single  data  point.  Injury  proceeds  rapidly  in  ipsilat¬ 
eral  forebrain  (cortex  and  striatum),  with  an  increase  in  silver  dep¬ 
osition  detectable  by  3  h  after  hypoxia-ischemia  in  both  regions. 
Initial  evidence  for  neurodegeneration  in  thalamus  is  not  found 
until  24  h  after  hypoxia-ischemia.  Injury  continues  to  progress  in  all 
three  regions  but  at  significantly  different  rates.  A  secondary  in¬ 
crease  in  neurodegeneration  is  detectable  in  cortex  by  48  h.  No 
further  measurements  were  made  in  the  cortex  because  by  72  h 
cystic  cavitary  lesions  were  common  in  the  posterior  parieto- 


made  no  measurements  in  the  cortical  samples  after 
48  h.  The  number  of  animals  with  cavitary  cortical 
lesions  was  recorded  separately.  Age-matched  sham 
and  time-matched  hypoxia-only  controls  were  ana¬ 
lyzed  as  above,  but  because  of  no  change  in  relative 
optical  density  with  age  or  at  any  time  following 
hypoxia-only  the  results  were  combined  for  concise¬ 
ness  of  presentation  in  Fig.  1. 

Electron  microscopy.  Sections  were  processed  for 
electron-microscopy  as  previously  (Al-Abdulla  el  al, 
1998;  Portera-Cailliau  et  al,  1997).  Briefly,  samples 
were  postfixed  (1  h)  in  2%  osmium  tetroxide,  dehy¬ 
drated,  and  embedded  in  resin.  Plastic-embedded 
samples  were  mounted  in  an  Epon  block  (Electron 
Microscopy  Sciences,  Fort  Washington,  PA)  and  cut 
into  semithin  (1  /xm)  and  ultra  thin  (70  nm)  sections 
for  light  microscopy  and  EM,  respectively.  Semithin 
sections  from  ventral  basal  thalamus  were  counter- 
stained  with  toludine  blue  and  screened  by  light  mi¬ 
croscopy  to  select  sections  for  viewing  by  EM.  Selected 
ultra-thin  sections  were  stained  with  uranyl  acetate 
and  lead  citrate  and  viewed  with  a  JEOL  100S  electron 
microscope. 

Statistical  analysis.  Two-way  ANOVA  was  used  to 
compare  OD  measurements  between  control  and  ex¬ 
perimental  groups  over  time  and  between  regions 
after  hypoxia-ischemia.  ANOVA  was  used  to  compare 
apoptotic  profile  counts  in  tire  thalamus  over  time 
after  hypoxia-ischemia.  Post  hoc  testing  for  individual 
differences  was  performed  with  Fisher's  analysis.  A  P 
value  <  0.05  was  used  to  determine  significance. 

RESULTS 

The  onset  of  damage  in  the  ipsilateral  forebrain  and 
thalamus  is  time-dependent  and  progressive ,  and  it  has  an 
uneven  distribution  within  regions.  Forebrain  neurode¬ 
generation  precedes  thalamic  neurodegeneration  after 


occipital  cortex  and  precluded  densitometric  analysis.  Despite  the 
similarity  of  time  of  first  appearance  of  injury  in  cortex  and  stria¬ 
tum,  secondary  injury  proceeded  much  slower  in  the  striatum  with 
a  difference  not  detectable  until  6  days  after  hypoxia-ischemia.  A 
secondary  increase  in  thalamic  neurodegeneration  also  occurs  at  6 
days  following  hypoxia-ischemia.  In  neither  forebrain  nor  thalamus 
was  there  a  detectable  increase  in  neurodegeneration  24  h  after  2.5  h 
of  hypoxic  exposure  only.  The  values  are  mean  ±  standard  error  of 
the  mean  from  the  regions  at  matched  coronal  levels.  A  single 
asterisk  indicates  significant  difference  (P  <  0.05)  from  control  and 
two  asterisks  indicate  significant  difference  (P  <  0.05)  from  first 
appearance  of  detectable  injury. 
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FIG.  2.  Forebrain  injury  after  neonatal  hypoxia-ischemia  is  discontinuous  with  areas  of  neurodegeneration  immediately  adjacent  to 
noninjured  tissue.  (A)  Silver-stained  coronal  section  of  forebrain  shows  the  previously  reported  columnar  injury  in  cortex  and  discrete  patches 
of  injury  in  the  adjacent  striatum  (arrows  and  arrowheads  indicate  areas  of  neurodegeneration).  At  greater  magnification,  the  close 
approximation  of  injured  (arrowheads)  and  noninjured  areas  of  the  striatum  is  apparent  (inset).  (B)  The  hippocampus  also  has  a  discontinuous 
distribution  of  injury  after  hypoxia-ischemia.  Dense  silver  deposition  is  seen  in  the  pyramidal  cell  layer  at  24  h  (arrows).  Scale  bar  for  A,  800 
pm;  A  inset,  100  pm;  B,  200  pm;  B  inset,  40  pm. 


neonatal  hypoxic-ischemic  brain  injury  (Fig.  1).  Silver 
staining  can  be  used  as  a  marker  for  neurodegenera¬ 
tion.  These  silver  depositions  can  represent  degenera¬ 
tion  of  neuronal  cell  bodies  and  processes  (axons, 
dendrites,  and  terminals)  (Du  et  al.,  1998).  In  ipsilateral 
cerebral  cortex  and  striatum  silver  staining  was 
present  by  3  h  after  hypoxia-ischemia  (P  <  0.05  vs 
control)  (data  are  expressed  as  mean  ±  SEM).  Not 
until  24  h  after  hypoxia-ischemia  did  optical  density 
increase  in  the  ventral  basal  thalamus.  Eighty-three 
percent  of  rats  exhibited  cavitary  cortical  lesions  by 
72  h  after  hypoxia-ischemia,  therefore  no  further  op¬ 
tical  density  measurements  were  obtained  after  48  h  in 
the  cerebral  cortex.  Injury  progresses  in  the  cortex  at 
48  h  and  in  the  striatum  and  thalamus  at  6  days  (P  < 
0.05  vs  OD  at  time  of  first  appearance  of  injury), 
suggesting  on-going  neurodegeneration  after  initial 
injury. 

The  damage  in  forebrain  is  discontinuous  (Fig.  2). 
This  pattern  cannot  be  explained  by  tissue  blood  flow 
differences  because  of  the  close  proximity  of  viable 
tissue  to  injured  regions.  This  is  notably  evident  in  the 
patchy  degeneration  in  both  the  striatum  (Fig,  2A)  and 
hippocampus  (Fig.  2B).  In  Fig.  2  the  arrows  indicate 
neurodegeneration  in  the  cortex  and  hippocampus 
and  arrowheads  indicate  degeneration  in  the  striatum. 
Silver  deposition  within  cortical  columns  within  the 
ipsilateral  forebrain  is  consistent  with  the  columnar 
injury  previously  described  in  this  model  (Towfighi  et 
al,  1997)  and  demonstrates  that  the  present  techniques 


identify  the  expected  areas  of  injury  and  allows  dis¬ 
crimination  of  injured  from  noninjured  tissue  within 
regions  with  a  high  degree  of  resolution.  The  interdig- 
itation  of  injured  and  noninjured  tissue  is  evident  in 
both  the  striatum  and  hippocampus  that  is  best  appre¬ 
ciated  at  high  magnification  in  die  insets  (Fig.  2). 

The  validity  of  this  model  and  the  effect  of  the 
chosen  duration  of  hypoxia  (2.5  h)  to  cause  a  consis¬ 
tent  severe  injury  is  demonstrated  by  the  progression 
of  cortical  injury  to  cortical  cavitation  in  83%  of  brains 
obtained  >48  h  after  the  end  of  hypoxia-ischemia  and 
by  the  relatively  small  amount  of  variability  in  the 
measures  of  injury  with  OD.  Additionally,  the  validity 
of  optical  densitometry  as  a  measure  of  injury  was 
verified  with  comparison  of  the  initial  progression  of 
injury  in  the  thalamus  as  measured  with  OD  with  the 
appearance  of  apoptotic  profiles  within  the  ventral 
basal  thalamus  during  the  initial  72  h  following  hy¬ 
poxia-ischemia  (Fig.  3B). 

Time  of  appearance  of  apoptotic  profiles  in  the  thalamus 
(Fig.  3A)  is  consistent  with  the  delayed  onset  of  injury  in 
the  diencephalon  as  compared  to  the  forebrain.  Utilizing 
the  cresyl  violet  stained  sections  to  count  apoptotic 
profiles  within  the  thalamus  following  hypoxia-isch¬ 
emia,  we  find  that  for  the  first  6  h  after  hypoxia- 
ischemia,  the  numbers  of  apoptotic  profiles  are  not 
increased  above  the  baseline  number  found  in  age- 
matched  controls  or  hypoxia-only  controls.  Apoptosis 
in  hypoxia-only  controls  did  not  increase  from  base¬ 
line  at  24  and  72  h  or  6  days,  therefore  the  data  are 
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presented  in  a  single  bar  on  the  graph  as  discussed  in 
the  methods  (Fig.  3A).  In  contrast,  from  24  to  72  h  after 
hypoxia-ischemia,  a  marked  increase  in  number  of 
cells  with  clearly  identifiable  apoptotic  profiles  occurs. 
By  6  days  following  the  insult,  the  number  of  apopto¬ 
tic  profiles  is  once  again  at  control  levels.  The  initial 
increase  in  apoptotic  profiles  in  the  thalamus,  follow¬ 
ing  hypoxia-ischemia,  coincides  with  the  appearance 
of  silver-staining  detection  of  neurodegeneration  in 
the  thalamus  at  24  h,  but  lags  behind  the  onset  of 
neurodegeneration  in  the  cortex  at  3  h.  The  presence  of 
increased  number  of  apoptotic  profiles  in  the  thala¬ 
mus  continues  through  progression  of  injury  in  the 
cortex  at  48  h. 

When  the  initial  progression  of  injury  is  graphed 
utilizing  both  optical  densitometry  and  appearance  of 
apoptotic  profiles  (Fig.  3B),  the  two  techniques  pro¬ 
vide  a  similar  estimation  of  the  rate  of  progression  of 
injury  within  the  thalamus  during  the  first  72  h  after 
hypoxia-ischemia.  A  minimal  increase  in  OD  and 
number  of  apoptotic  profiles  is  seen  at  3-6  h  followed 
by  a  robust  increase  in  both  measures  of  injury  during 
the  24  to  72-h  time  period.  The  similarity  in  pattern  of 
progression  of  injury  as  measured  by  appearance  of 
apoptotic  profiles  serves  to  validate  our  use  of  OD 
quantification  of  silver  staining  for  the  purposes  of  the 
present  study.  The  validity  of  the  technique  is 
strengthened  by  the  fact  that  results  from  the  two 
techniques  are  quite  similar  despite  measuring  differ¬ 
ent  indices  of  injury  (cresyl  violet-stained  apoptotic 
profiles-cell  soma  morphology,  silver  staining-neuro- 
degeneration  of  cell  soma,  processes  and  nerve  termi¬ 
nals). 

In  ipsilateral  forebrain,  neurodegeneration  occurring  im¬ 
mediately  after  hypoxia-ischemia  is  necrosis  but  delayed 
neurodegeneration  is  necrosis  and  apoptosis.  Analysis  of 
cresyl  violet  and  silver  stained  sections  allows  identi¬ 
fication  of  cells  demonstrating  clear  light  microscopic 
morphologic  evidence  of  necrosis  or  apoptosis.  Anal¬ 
ysis  of  the  ipsilateral  cortex  and  striatum  shows  pre¬ 
dominant  necrosis  immediately  after  hypoxia-isch¬ 
emia.  At  3  h,  the  major  phenotypes  of  these  neurons 
include  irregularly  condensed  chromatin,  argy- 
rophillic  cytoplasm,  and  disintegration  of  cellular 
membranes.  (Fig.  4A,  silver  stain-ipsilateral  striatum, 
3  h  after  hypoxia-ischemia;  Fig.  4B,  cresyl  violet-ipsi- 
lateral  cortex,  3  h  after  hypoxia-ischemia,  arrows  in¬ 
dicate  necrotic  neurodegeneration). 

In  contrast  to  the  early  ischemic  necrosis  seen  in 
ipsilateral  cortex  and  striatum  after  hypoxia-ischemia, 
morphology  of  injury  within  these  regions  at  later 
time  points  is  more  varied.  When  examined  at  the 


time  of  the  secondary  phase  of  injury,  neurons  within 
upper  and  lower  layers  of  parasagittal  cortex  and  the 
striatum  exhibit  the  light  microscopic  hallmarks  of 
apoptosis  and  those  of  a  hybrid  of  apoptosis  and 
necrosis.  The  latter  features  have  previously  been  de¬ 
scribed  as  part  of  the  cell  death  continuum  in  the 
immature  cortex  and  striatum  in  response  to  excito- 
toxic  injury  (Portera-Cailliau  et  al.,  1997).  Forty-eight  h 
after  hypoxia-ischemia,  apoptotic  and  continuum  cells 
are  seen  in  the  striatum  in  contrast  to  the  predominant 
necrosis  seen  at  3  h  after  hypoxia-ischemia.  The  same 
is  true  in  the  cortex,  with  many  apoptotic  and  contin¬ 
uum  profiles  found  at  delayed  time  points  (Fig.  4C, 
striatum,  48  h  after  hypoxia-ischemia,  silver  stain;  Fig. 
4D,  cortex,  48  h  after  hypoxia-ischemia-CV,  arrows 
indicate  cells  with  apoptotic  and  hybrid  morpholo¬ 
gies). 

Damage  occurs  in  remote  locations  after  hypoxia-isch¬ 
emia.  Injury  occurs  in  brain  regions  remote  from  the 
areas  of  acute  primary  injury.  This  remote  damage 
occurs  in  association  with  damage  to  interconnected 
white  matter  pathways  (Fig.  5).  Between  24  and  72  h, 
axonal  degeneration  and  neurodegeneration  are  iden¬ 
tifiable  in  the  mammillary  tract  and  mammillary  nu¬ 
cleus,  in  corpus  callosum  and  contralateral  cortex,  and 
in  descending  corticobulbar  tracts  and  brainstem  and 
cranial  nerve  nuclei.  Axonal  degeneration  is  seen  in 
the  contralateral  corpus  callosum  and  in  the  ipsilateral 
descending  corticobulbar  tracts  (Figs.  5A  and  5C)  and 
in  their  respective  target  areas,  the  contralateral  cortex 
(Fig.  5B)  and  the  nucleus  of  cranial  nerve  VII  (Fig.  5D) 
(injury  indicated  by  areas  of  silver  deposition,  ar¬ 
rows).  For  comparison,  no  axonal  degeneration  is  seen 
in  contralateral  corpus  callosum  in  controls  (Fig.  5a). 

Retrograde  transport  of  fluorogold  identifies  regions  with 
efferent  connections  to  the  ipsilateral  cerebral  cortex  that  are 
at  risk  for  injury  after  hypoxia/ischemia.  Injury  within 
the  lateral  geniculate  and  the  ventral  basal  complex  of 
thalamus  occurs  in  association  with  columnar  cortical 
injury  at  24  h  after  hypoxia-ischemia  (Fig.  6A).  Poste¬ 
rior  cortical  injection  of  p4  rat  pups  demonstrates 
retrograde  transport  of  fluorogold  to  these  same  vul¬ 
nerable  areas  of  ipsilateral  thalamus  and  to  contralat¬ 
eral  cortex  (Figs.  6B  and  6E,  brown  immunoreactivity). 
Retrograde  axonal  transport  of  the  flurogold  is  con¬ 
firmed  by  the  presence  of  abundant  immunoreactivity 
for  flurogold  filling  the  cell  body  and  dendrites  of 
thalamic  neurons  (Fig.  6C). 

Injection  of  flurogold  prior  to  hypoxia-ischemia 
combined  with  cresyl  violet  staining  of  tissue  perfused 
at  48  h  after  hypoxia /ischemia  demonstrates  death  of 
neurons  with  connections  to  ipsilateral  cortex  (Fig.  6D, 
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FIG.  3.  (A)  Appearance  of  apoptotic  profiles  in  ipsilateral  thala¬ 
mus  coincides  with  initial  quantitative  evidence  of  neurodegenera¬ 
tion  in  thalamus  and  follows  neurodegeneration  in  ipsilateral  fore- 
brain.  Not  until  24  h  after  hypoxia-ischemia  is  there  a  significant 
increase  in  the  number  of  apoptotic  profiles  in  the  ipsilateral  thal¬ 
amus.  A  consistent  increase  in  apoptotic  profiles  persists  at  48  and 
72  h.  Counts  at  0, 1.5, 3,  6  h,  and  6  days  are  not  different  from  those 
found  in  age-matched  controls  and  hypoxia-only  controls.  Hypoxia- 
only  controls  were  analyzed  at  24  h,  72  h,  and  6  days.  Because  there 
was  no  increase  in  number  of  apoptotic  profiles  at  any  of  the  time 
points  following  hypoxia,  the  data  are  presented  as  a  single  data 
point  for  simplicity  of  presentation.  Counts  were  performed  on 
cresyl  violet  stained  sections  of  brains  at  similar  coronal  levels.  The 
values  are  mean  ±  standard  deviation  for  each  group.  A  single 
asterisk  indicates  significant  difference  in  number  of  apoptotic  pro¬ 
files  from  (P  <  0.05)  from  control.  (B)  The  appearance  of  silver 
staining  in  the  ventral  basal  thalamus  following  neonatal  hypoxia- 
ischemia  conincides  with  the  appearance  of  apoptotic  profiles  in  the 
same  region  over  the  first  72  h  after  injury.  These  different  measures 
of  injury  track  together,  showing  a  dramatic  increase  from  baseline 
during  the  24  to  72-h  period,  with  the  majority  of  the  increase 
occurring  after  6  h.  Results  at  3  and  6  h  and  at  24, 48,  and  72  h  were 
combined  for  the  purposes  of  this  analysis. 


arrows).  A  cell  labeled  with  flurogold  (brown  immu- 
noreactivity)  and  with  large  chromatin  clumps  (cresyl 
violet)  can  be  readily  identified,  demonstrating  di¬ 
rectly  that  cells  with  cortical  connections  die  with  an 
apoptotic  morphology  following  neonatal  hypoxia/ 
ischemia. 


Delayed  and  remote  neurodegeneration  in  thalamus  and 
brainstem  is  apoptosis.  In  contrast  to  the  initial  fore¬ 
brain  injury,  initial  injury  in  the  thalamus  and  brain¬ 
stem  is  apoptosis  beginning  24  h  after  hypoxia-isch¬ 
emia  (Fig.  4E,  silver  stain,  LGN  24  h  after  hypoxia- 
ischemia;  Fig.  4F,  silver  stain,  brainstem  nuclei,  24  h 
after  hypoxia-ischemia).  The  light  microscopic  fea¬ 
tures  displayed  by  these  cells,  which  are  characteristic 
of  apoptosis,  including  large  regular  clumps  of  chro¬ 
matin,  condensation  of  cytoplasm,  and  preservation  of 
cytoplasmic  membrane.  Electron  microscopy  confirms 
that  thalamic  neurons  are  dying  apoptotically  at  24  h 
after  hypoxic-ischemia  (Fig.  7). 

Remote  but  interconnected  regions  also  exhibit  terminal 
degeneration  at  delayed  time  points.  In  addition  to 
apoptotic  cell  death  in  regions  remote  from  the  ipsi¬ 
lateral  forebrain  following  neonatal  hypoxia-ischemia, 
evidence  of  terminal  degeneration  is  also  found  in 
remote  regions  at  s24  h  after  the  end  of  hypoxia. 
Within  the  respiratory  centers  of  the  medulla  (Fig. 
4G),  the  ipsilateral  globus  pallidus  (Fig.  4H),  and  the 
contralateral  cortex  (Fig.  41),  primary  and  pyramidal 
neurons  are  found  with  fine  silver  deposits  covering 
their  surface,  indicating  degenerating  nerve  terminals. 
In  some  cases,  the  silver  deposits  can  be  seen  to  dec¬ 
orate  the  surface  of  neuronal  processes.  In  the  con¬ 
tralateral  cortex,  cells  with  an  apoptotic  morphology 
are  found  in  the  same  area  as  those  with  terminal 
degeneration  (Fig.  41). 

Control  experiments  confirm  the  validity  of  this 
model  and  the  lack  of  contribution  of  hypoxia  alone 
to  remote  injury.  In  age  matched  control  animals 
(p7,  p8,  p9,  plO,  pl3),  no  increase  in  optical  density 
was  found  at  any  age  (all  control  OD  data  com¬ 
bined,  Fig.  1).  In  control  sections,  occasional  silver- 
stained  cells  with  apoptotic  morphology  were  found 
as  would  be  expected  because  of  the  previously 
demonstrated  normal  period  of  neuronal  cell  death 
that  occurs  in  the  first  2  weeks  of  life  in  developing 
rats  (Oppenheim,  1991).  Neurodegeneration  was 
also  not  found  in  animals  exposed  to  hypoxia  alone 
at  any  of  the  time  points  studied  (hypoxia-only  OD 
data.  Fig.  1;  hypoxia-only  apoptotic  profile  counts, 
Fig.  3).  Lack  of  injury  from  either  hypoxia  or  isch¬ 
emia  alone  is  consistent  with  the  original  observa¬ 
tions  made  in  this  model  (Rice  et  ah,  1981).  Addi¬ 
tionally,  the  lack  of  injury  in  hypoxia  only  controls 
is  evidence  that  injury  found  in  remote  regions  fol¬ 
lowing  hypoxia-ischemia  is  not  simply  the  result  of 
systemic  hypoxemia.  The  possibility  remains  that 
very  delayed  neurodegeneration  might  become  ev- 
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FIG.  4.  Structure  of  cell  death  following  neonatal  hypoxia-ischemia  varies  by  region  and  time.  Necrosis,  apoptosis,  and  hybrids  of  apoptosis 
and  necrosis  revealing  the  cell  death  continuum  are  seen  in  both  silver  and  cresyl  violet  stained  sections  (A-F).  Immediately  after  hypoxia- 
ischemia,  necrosis  is  most  commonly  seen  in  ipsilateral  striatum  (A,  silver  stain)  and  cortex  (B,  cresyl  violet).  These  necrotic  cells  have 
numerous  irregular  small  chromatin  clumps  (A,  B),  a  loss  of  cytoplasmic  integrity  (A)  or  swelling  of  the  cytoplasm  (B).  While  necrotic  cells  can 
still  be  found  in  the  forebrain  at  later  time  points,  cells  with  fewer,  larger,  more  regular  chomatin  clumps  (C,  D)  and  with  pale  cytoplasm 
contained  within  an  apparently  intact  cellular  membrane  (D)  are  found  in  the  hippocampus  (C)  and  cortex  (D)  at  48  h.  Cells  of  an  intermediate 
morphology  with  more  regularly  defined  chromatin  condensation  than  that  found  in  necrosis  but  with  smaller  and  more  numerous  chromatin 
aggregates  than  is  typical  for  apoptosis  are  also  found  in  the  forebrain  after  24  h  (C,  and  D,  arrows).  Ipsilateral  thalamus  (E)  and  brainstem 
(F)  exhibit  classic  apoptosis  following  neonatal  hypoxia-ischemia.  Multiple  rounded  detached  cells  in  both  regions  have  two  or  three  large 
sharply  delineated,  uniformly  dense,  smooth,  round  chromatin  clumps  contained  within  a  dense,  argyrophillic  cytoplasm  around  which  the 
cytoplasmic  membrane  is  preserved.  Cells  that  have  progressed  to  the  final  stage  of  an  extruded  apoptotic  body  without  apparent  cytoplasm 
are  also  found.  In  addition  to  the  neurodegeneration  found  in  forebrain,  thalamus  and  brainstem  following  hypoxia-ischemia,  terminal 
degeneration  is  found  in  regions  that  receive  efferent  connections  from  these  injured  regions.  Respiratory  neurons  in  the  medulla  (G),  neurons 
in  the  ipsilateral  globus  pallidus  (H),  and  layer  HI  pyramidal  neurons  in  the  contralateral  cortex  have  multiple  tiny  silver  grains  deposisted  on 
their  surface  consistent  with  silver  labeling  of  degenerating  projections  to  the  cell.  In  contrast  to  the  injured  neurons  seen  in  ipsilateral  forebrain, 
thalamus,  and  brainstem,  these  neurons  have  maintained  their  normal  cellular  architecture,  suggesting  that  they  are  intact,  not  primarily 
degenerating.  For  comparison,  an  apoptotic  layer  HI  neuron  is  seen  in  (I).  While  multiple  staining  techniques  allow  adequate  visualization  of 
nuclear  and  cytoplasmic  structure,  silver-staining  allows  the  added  ability  to  visualize  degenerating  cellular  projections.  Scale  bar,  11  /urn. 


ident  in  the  hypoxia-only  animals  at  a  time  later 
than  pl3. 

DISCUSSION 

The  most  important  findings  of  the  present  study 
are  that  following  neonatal  hypoxia-ischemia:  (1) 


brain  regional  vulnerability  is  dictated  and  orga¬ 
nized  along  interconnected  neural  systems;  (2)  ipsi¬ 
lateral  forebrain  injury  occurs  as  two  fundamentally 
different  time-dependent  patterns:  early  neuronal 
necrosis  and  then  delayed  apoptotic  neuronal  death 
during  a  secondary  injury  phase;  and  (3)  delayed 
cell  death  can  also  exist  as  a  hybrid  of  apoptosis  and 
necrosis.  (4)  Injury  to  regions  remote  from  the  ipsi- 
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FIG.  5.  Neurodegeneration  occurs  in  brain  regions  remote  from  the  primary  sites  of  injury  in  association  with  damage  to  the  interconnecting 
white  matter  pathways.  Axonal  degeneration  occurs  in  the  contralateral  corpus  callosum  (A)  and  ipsilateral  descending  cortico-bulbar  tracts 
(C)  along  with  neurodegeneration  in  their  respective  targets,  layer  m  of  the  contralateral  cortex  (B),  and  the  nucleus  of  cranial  nerve  VII  (D). 
Injury  in  these  target  regions  is  much  more  focal  and  circumscribed  than  that  in  the  primary  ipsilateral  forebrain.  For  comparison,  no  injury 
is  seen  in  the  contralateral  corpus  callosum  of  a  control  (a)  or  in  the  contralateral  descending  cerebral  pyramid  (C).  Scale  bar  for  A,  a,  and  B, 
81  p,m;  C  and  D,  371  p,m. 

FIG.  6.  Retrograde  transport  of  fluorogold  labels  two  regions  that  exhibit  delayed  neurodegeneration  following  neonatal  hypoxia-ischemia. 
Injection  of  fluorogold  into  the  ipsilateral  posterior  parietal-cortex  labels  ipsilateral  posterior  and  ventral  basal  thalamus  and  lateral  geniculate 
nucleus  (B)  and  layer  III  neurons  in  the  contralateral  cortex  (E).  Neurodegeneration  occurs  in  these  regions  following  hypoxia-ischemia  in 
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lateral  forebrain  is  associated  with  damage  within 
interconnecting  white  matter  pathways.  (5)  Cells  in 
remote  regions  that  have  connections  with  ipsilat- 
eral  cortex  and  are  target  deprived,  die  with  a  mor¬ 
phology  consistent  with  apoptosis  after  hypoxia- 
ischemia. 

In  the  present  model  of  neonatal  brain  injury,  the 
ipsilateral  forebrain  clearly  represents  the  ischemic 
core  of  the  lesion  (Nelson  and  Silverstein,  1994;  Rice  et 
al,  1981).  Previous  neuropathologic  studies  have  dem¬ 
onstrated  signs  of  ischemic  necrosis  evident  as  soon  as 
the  end  of  hypoxia  within  the  ipsilateral  cortex  (Tow- 
fighi  et  al,  1995).  Our  results  are  in  agreement  with 
this  observation  and,  for  the  first  time,  measurements 
of  injury  within  the  ipsilateral  forebrain  have  been 
made  with  optical  densitometry  thereby  demonstrat¬ 
ing  quantifiable  injury  in  both  cortex  and  striatum  by 
3  h  after  the  end  of  hypoxia.  The  simultaneous  appear¬ 
ance  of  injury  within  ipsilateral  cortex  and  striatum  is 
evidence  for  the  previously  described  role  of  hypoxia- 
ischemia  in  the  initial  phase  of  injury  (Towfighi  et  al., 
1991,  1995). 

The  injury  evolves  with  a  different  time  course  in 
the  cortex  and  striatum,  suggesting  that  different 
mechanisms  control  the  initial  phase  of  injury  versus 
the  subsequent  delayed  phase  of  injury  in  these  re¬ 
gions.  The  coexistence  of  injured  and  noninjured  tis¬ 
sue  within  contiguous  subregions  of  striatum  and  cor¬ 
tex  and  the  different  morphology  of  injury  during  the 
initial  versus  delayed  phase  (necrosis  versus  apopto¬ 
sis)  also  supports  the  role  for  other  mechanisms  (in 
addition  to  acute  ischemia)  in  the  overall  resultant 
neuropathology.  It  is  known  that  within  the  develop¬ 
ing  cortex,  interconnected  neurons  provide  trophic 
support  for  each  other  (Miller  and  Kuhn,  1997;  Shatz, 
1996).  It  is  possible  that  the  rapid  necrotic  death  of  an 
initial  population  of  cortical  neurons  results  in  the 
target  deprivation  death  of  connected  neurons  as  is 
thought  to  occur  in  the  adult  brain  (Martin  et  al.,  1998). 
Our  data  demonstrating  a  time-dependent  increase  in 
apoptotic  cell  death  in  the  ipsilateral  cortex  is  consis¬ 
tent  with  this  possibility. 

The  previously  reported  effect  of  delayed  adminis¬ 
tration  of  pan-caspase  inhibitors  to  provide  neuropro¬ 
tection  (Cheng  et  al,  1998)  within  a  region  known  to 


exhibit  early  necrotic  neurodegeneration  (Rice  et  al, 
1981;  Towfighi  et  al,  1995)  also  suggests  alternate 
mechanism  of  early  vs  late  injury.  Because  many 
members  of  the  caspase  family  are  cytokine  proces¬ 
sors,  caspase  inhibition  may  curtail  a  more  delayed 
cytokine  mediated  cell  death  rather  than  solely  block¬ 
ing  delayed  apoptosis  (Wolf  and  Green,  1999).  Re¬ 
gardless  of  the  mechanism  of  caspase  neuroprotection, 
it  is  obvious  that  caspase  inhibitors  have  an  effect  on 
the  neurodegeneration  when  administered  3  h  after 
hypoxia-ischemia,  a  time  at  which  early  necrosis  is 
well  underway  in  the  forebrain  (Cheng  et  al,  1998). 

A  switch  in  the  mechanism  of  cell  death  may  also 
explain  the  neuropathology  found  in  the  ipsilateral 
striatum.  The  patchy  pattern  of  cell  death  may  be  the 
result  of  differential  expression  patterns  of  neuro¬ 
transmitter  receptors  in  the  striatal  matrix  (Martin  et 
al,  1993)  or  may  be  the  result  of  heterogeneity  of 
neuronal  connectivity  (Alloway  et  al,  1999).  The  initial 
columnar  neurodegeneration  seen  in  the  neocortex 
(Fig.  2,  and  (Towfighi  et  al,  1997))  correlates  with  areas 
of  incomplete  blood  supply  and  patterns  of  altered 
NADH  metabolism  after  hypoxia-ischemia  in  the  de¬ 
veloping  brain  (Welsh  et  al.,  1982)).  It  is  known  that 
cortical  columns  provide  afferent  striatal  input  with 
specific  areas  of  sensory-motor  cortex  being  repre¬ 
sented  within  specific  areas  of  the  striatal  matrix  (Al¬ 
loway  et  al,  1999)  (Gerfen,  1992).  The  degeneration  of 
specific  cortical  columns  could  lead  to  degeneration  of 
specific  areas  within  the  striatal  mosaic  during  the 
delayed  phase  of  striatal  injury.  The  more  rapid  pro¬ 
gression  of  the  secondary  phase  of  injury  in  the  cortex 
than  in  the  striatum  supports  a  temporal  framework  in 
which  loss  of  cortical  innervation  and,  thus  a  deaffer- 
entation,  could  result  in  striatal  neurodegeneration  in 
anatomically  discrete  regions.  Although  no  quantifi¬ 
cation  of  injury  within  the  hippocampus  was  per¬ 
formed,  qualitative  analysis  reveals  timing  and  struc¬ 
ture  of  injury  very  similar  to  that  seen  in  the  striatum. 
Specifically,  early  evidence  of  necrosis  is  abundant, 
followed  by  a  secondary  phase  in  which  cells  degen¬ 
erate  with  the  intermediate  "continuum"  phenotype 
(Portera-Cailliau  et  al.,  1997)  and  with  an  apoptotic 
morphology. 


patterns  similar  to  the  pattern  of  retrograde  transport  of  fluorogold  (compare  silver-staining  of  injured  ipsilateral  thalamus  (A)  with  fluorogold 
immunoreactivity  in  thalamus  (B)  and  layer  III  neurodegeneration  in  contralateral  cortex  (Fig.  4B)  with  fluorogold  immunoreactivity  in  layer 
III  contralateral  cortex  (E).  Retrograde  transport  of  fluorogold  occurs  specifically  to  the  cell  soma  and  processes  (C),  none  is  found  in  the 
surrounding  neuropil.  This  specificity  of  retrograde  transport  allows  identification  of  neurons  with  cortical  connection  to  be  identified  even  in 
late  stages  of  apoptosis  (D)  when  cellular  morphology  is  disturbed.  Scale  bar  A  and  B,  1  mm;  C  and  D,  11  /am;  E,  500  p,m. 
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FIG.  7.  Electron  microscopy  confirms  that  the  structure  of  cell  death  in  the  ventral  basal  thalamus  at  24  h  following  hypoxia-ischemia  is 
apoptosis.  Degenerating  thalamic  neurons  have  several  characteristics  of  apoptosis  including  (1)  an  intact  but  fluted  cellular  membrane,  (2) 
condensed  cytoplasm  with  intact  mitochondria,  and  (3)  highly  condensed,  large,  regularly  shaped  chromatin  clumps. 


The  possibility  that  delayed  cell  death  results  from 
secondary  mechanisms  triggered  by  the  early-occurring 
neurodegeneration  is  supported  by  the  present  data  and 
previous  experiments  showing  a  prominent  role  for  cor¬ 
tical  connectivity  in  neuronal  viability  in  immature  thal¬ 
amus,  substantia  nigra,  and  brainstem  (Oo  et  al,  1995; 
Kolb  et  al,  1986).  Large  cortical  lesions  created  in  the  first 
week  of  life  result  in  atrophy  of  the  thalamus  and  brain¬ 
stem  (Kolb  et  al,  1986),  while  even  selectively  targeted 
cortical  aspiration  results  in  retrograde  degeneration 
within  thalamic  nuclei  (Al-Abdulla  et  al,  1998).  Hypoxia- 
ischemia  results  in  apoptosis  of  dopaminergic  neurons 
in  the  substantia  nigra,  presumably  secondary  to  loss  of 
trophic  support  from  their  striatal  inputs  (Oo  et  al.,  1995). 
This  is  the  mechanism  that  we  propose  for  the  remote 
cell  death  seen  in  the  present  study.  Evidence  for  this 
mechanism  includes:  (1)  Injury  in  remote  regions  always 
occurs  later  than  primary  injury  in  ipsilateral  forebrain. 
(2)  Remote  injury  is  accompanied  by  injury  within  inter¬ 
connecting  white  matter  pathways.  (3)  Neurons  in  thal¬ 
amus  that  project  to  ipsilateral  forebrain  die  via  apopto¬ 
sis  following  hypoxia-ischemia.  4)  The  structure  of  the 
cell  death  in  remote  regions  was  most  commonly  apo¬ 
ptosis,  consistent  with  target  deprivation  mediated  in¬ 
jury.  Apoptosis  is  present  at  significant  amounts  in  the 


thalamus  21  h  following  the  first  increase  in  injury  de¬ 
tectable  by  OD  in  the  cortex  and  it  continues  during  the 
progression  of  cortical  injury  to  cavitary  lesions.  (5)  In 
addition  too  remote  cell  death,  we  also  find  evidence  of 
terminal  degeneration  on  viable  principal  neurons  in 
remote  regions  that  are  known  to  receive  inputs  from 
ipsilateral  forebrain  (Carpenter,  1983). 

Remote  neurodegeneration  has  been  reported  in  the 
present  model  and  has  most  often  been  attributed  di¬ 
rectly  to  global  ischemic  injury  (Towfighi  et  al.,  1994, 
1991).  It  is  also  possible  that  remote  neurodegeneration 
occurs  as  the  result  of  seizure  activity.  However,  most 
evidence  suggests  that  seizures  do  not  exacerbate  hy¬ 
poxic-ischemic  brain  injury  and  that  seizures  may  pro¬ 
vide  neuroprotection  if  they  occur  prior  to  the  hypoxic- 
ischemic  insult  (Towfighi  et  al,  1999).  Seizure-induced 
neurodegeneration  would  not  be  limited  to  the  ipsilat¬ 
eral  forebrain  and  could  occur  in  the  interconnected 
regions  where  injury  was  found  in  the  present  study. 

If  neuronal  connectivity  does  participate  in  the 
propagation  of  neurodegeneration  in  regions  outside 
of  the  vascular  distribution  of  the  right  common  ca¬ 
rotid,  then  remote  neurodegeneration  should  only  be 
found  in  the  presence  of  axonal  degeneration  in  inter¬ 
connecting  white  matter  pathways  between  forebrain 
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and  contralateral  cortex  or  brain  stem.  Because  we  do 
not  find  remote  neurodegeneration  in  the  absence  of 
or  preceding  axonal  degeneration,  neuronal  connec¬ 
tivity-mediated  neurodegeneration  is  possible.  Ab¬ 
sence  of  remote  injury,  in  animals  exposed  to  hypoxia 
only,  also  supports  the  hypothesis  that  neuronal  con¬ 
nectivity  dictates  patterns  of  degeneration  after  hy¬ 
poxia-ischemia.  If  systemic  hypoxemia  were  the  cause 
of  injury  to  remote  regions  in  the  present  model,  these 
remote  regions  should  sustain  injury  when  the  ani¬ 
mals  are  exposed  to  hypoxia  alone.  No  evidence  has 
been  found  of  remote  neurodegeneration  as  the  result 
of  systemic  hypoxemia  alone  (Towfighi  et  al.,  1994), 
1995).  The  presence  of  apoptotic  neurodegeneration 
within  specific  brainstem  nuclei  also  argues  for  our 
hypothesis  that  remote  neurodegeneration  after  hy¬ 
poxia-ischemia  is  the  result  of  loss  of  trophic  support 
from  the  primarily  injured  regions. 

Neuronal  cell  death  in  this  model  of  hypoxia-ischemia 
occurs  as  at  least  three  different  forms.  These  different 
forms  of  cell  death  coexist  in  different  regions  of  brain 
and  sometimes  in  the  same  regions.  Other  studies  have 
revealed  the  occurrence  of  necrosis  and  apoptosis 
(Rice  et  al.,  1981;  Towfighi  et  al,  1995;  Cheng  et  al,  1998). 
Support  for  our  conclusion  that  apoptosis  occurs 
through  mechanisms  possibly  related  to  connectivity 
and  target  deprivation  has  been  found  elsewhere  (Oo  et 
al.,  1995).  Our  results  are  entirely  consistent  with  these 
previous  data  and  they  extend  our  understanding  of  the 
neuropathology  of  neonatal  hypoxia-ischemia  to  include 
neuroanatomical  evidence  for  necrosis  and  apoptosis  fol¬ 
lowing  hypoxia-ischemia  and  evidence  for  neurodegen¬ 
eration  within  interconnecting  axons  and  terminal  pro¬ 
jections.  This  study  also  shows  for  the  first  time  that  after 
hypoxia-ischemia,  apoptosis  and  necrosis  may  coexist 
within  the  same  cell.  This  new  finding  is  similar  to  the 
observation  that  a  hybrid  morpology  of  cell  death,  the 
"continuum"  cell,  occurs  in  the  forebrain,  at  delayed 
time  points,  in  an  immature  model  of  glutamate  recep¬ 
tor-mediated  exdtotoxic  injury  (Portera-Cailliau  et  al, 
1997).  The  mechanism  for  the  hybrid  form  of  cell  death  is 
not  yet  understood  but  may  relate  to  relative  levels  of 
ATP  depletion  as  has  been  demonstrated  in  kidney  cell 
culture  in  vitro  (Feldenberg  et  al,  1999)  and  the  activation 
of  caspase  3  at  6-24  h  in  the  forebrain  following  neonatal 
hypoxia-ischemia  as  shown  in  the  present  model  (Han  et 
al,  2000). 

The  methods  utilized  in  the  present  study  to  evaluate 
neurodegeneration  differ  from  the  standard  use  of  DNA 
end-labeling  for  identification  of  injury  and  cell  death. 
We  chose  not  to  use  TUNEL  because  it  does  not  differ¬ 
entiate  between  apoptosis,  necrosis,  and  hybrids  of  ap¬ 


optosis  and  necrosis  (Martin  et  al,  1999)  and  does  not 
provide  any  information  about  degeneration  of  axons  or 
nerve  terminals  and  thus  would  not  provide  as  much 
information  as  would  silver  staining.  We  chose  to  rely  on 
silver  staining  for  quantification  of  injury  because  we 
found  it  reliable  in  the  prediction  of  the  initial  course  of 
thalamic  injury  when  compared  with  counts  of  apoptotic 
profiles.  In  addition,  silver-staining  allows  identification 
of  degeneration  in  both  cell  soma  and  processes  (Du  et 
al,  1998)  and  intensifies  with  progression  of  injury  (Fig. 
1).  Although  silver  has  been  reported  to  label  in  the 
absence  of  cell  death  (Toth  et  al,  1998),  the  transient 
argyophlia  reported  on  hippocampal  neurons  following 
febrile  seizures  may  represent  degenerating  nerve  termi¬ 
nals  which  are  subsequently  eliminated  without  death  of 
their  target  neuron.  This  possibility  is  supported  by  our 
findings  of  degenerating  nerve  terminals  contacting 
cells,  which  appear  to  be  morphologically  normal  (Figs. 
41  and  4J). 

In  conclusion,  this  study  reveals  differences  in  cell 
death  patterns  in  ipsilateral  forebrain  over  time  fol¬ 
lowing  hypoxia-ischemia.  Axonal  and  terminal  degen¬ 
eration  occurring  along  with  apoptotic  cell  death  in 
remote  regions  after  hypoxia-ischemia  support  the  hy¬ 
pothesis  that  the  distribution  of  neuronal  connections 
dictates  the  presence  of  injury,  as  well  as  the  structure 
of  primary  and  remote  neurodegeneration  following 
neonatal  hypoxia-ischemia.  These  findings  have  im¬ 
portant  implications  for  the  development  of  appropri¬ 
ately  timed  and  targeted  therapies  for  the  protection 
of  the  neonatal  brain  and  rescue  of  neurons  following 
hypoxic-ischemic  insults. 
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The  cytological  responses  of  thalamic  interncurons  to 
selective  degeneration  of  thalamocortical  projection  neu¬ 
rons  after  cortical  damage  in  the  adult  brain  are  poorly 
understood.  We  used  a  unilateral  neocortical  lesion  model 
(occipital  cortex  ablation)  in  the  adult  rat  to  test  the 
hypothesis  that  interneurons  and  projection  neurons  in 
the  lateral  geniculate  nucleus  undergo  distinct  forms  of 
degeneration.  In  situ  nuclear  DNA  fragmentation  in  neu¬ 
rons  in  the  lateral  geniculate  occurs  maximally  at  7  days 
postlesion.  Geniculocortical  projection  neurons  that  are 
identified  by  the  retrograde  tracer  Fluorogold  die  primarily 
with  a  morphology  of  endstage  apoptosis  prominent  at 
7  days  postlesion.  In  contrast,  interneurons,  identified  by 
their  particular  nuclear  ultrastructure  and  by  glutamic  acid 
decarboxylase  immunoreactivity,  undergo  an  atrophic  vac¬ 
uolar  pathology  starting  early  during  the  period  of  projec¬ 
tion  neuron  death  and  peaking  after  the  projection  neuron 
death  is  complete.  This  degeneration  of  interneurons  is 
transient,  because  these  neurons  exhibit  structural  recovery 
and  their  numbers  are  not  changed  significantly  postlesion. 
A  rare  subset  of  interneurons  (less  than  one  in  100  inter¬ 
neurons  and  less  than  one  in  100  apoptotic  cells)  undergoes 
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apoptosis  concurrently  with  the  projection  neurons. 

We  conclude  that  different  types  of  neurons  within  the 
same  thalamic  nucleus  respond  differently  to  focal  cortical 
target  deprivation.  Unlike  the  apoptosis-prone  projection 
neurons,  most  interncurons  undergo  transient  transsynaptic 
atrophy  and  recovery  rather  than  cell  death.  Nevertheless, 
a  small  subset  of  lateral  geniculate  interneurons  undergoes 
transsynaptic  apoptosis  in  response  to  projection  neuron 
apoptosis.  The  pathological  responses  of  thalamic  neurons 
to  cortical  trauma  vary  depending  on  cell  type. 

©  2002  IBRO.  Published  by  Elsevier  Science  Ltd.  All 
rights  reserved. 

The  thalamus  is  a  frequent  site  of  remote  neurodegener¬ 
ation  after  neocortical  damage  in  humans  and  animals, 
occurring  after  surgical  hemidecortication,  head  trauma, 
and  stroke  (Powell,  1952;  Adams  et  al .,  2000).  Ablation 
of  the  visual  cortex  induces  neurodegeneration  in  thala¬ 
mus  (Lashley,  1941;  Barron  et  a!.,  1967;  Giolli  and 
Guthrie,  1971;  Madarasz  et  al.,  1983).  The  geniculocort¬ 
ical  projection  neurons  in  the  dorsal  lateral  geniculate 
nucleus  (dLGN)  die  by  a  process  that  resembles  apopto¬ 
sis  (Al-Abdulla  et  al.,  1998)  which  is  controlled  by  Bax 
and  p53  genes  (Martin  et  al.,  2001).  However,  interneu¬ 
rons  in  the  dLGN,  which  comprise  up  to  15-25%  of  the 
neurons  in  this  region  (LeVay  and  Ferster,  1979; 
Madarasz  et  al.,  1983;  Weber  and  Kalil,  1983)  are  not 
usually  evaluated  after  cortical  damage.  We  used  a  uni¬ 
lateral  neocortical  lesion  model  (occipital  cortex  abla¬ 
tion)  lo  test  the  hypothesis  that  interncurons  and 
projection  neurons  in  the  LGN  undergo  distinct  forms 
of  degeneration  in  adult  rat.  In  xilu  nuclear  DNA  frag¬ 
mentation  in  lateral  geniculate  neurons  occurred  maxi- 
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mally  at  7  days  postlesion.  Geniculocortical  projection 
neurons,  identified  by  the  retrograde  tracer  Fluorogold 
(FG),  were  apoptotic  by  7  days  postlesion.  In  contrast, 
interneurons,  identified  by  glutamic  acid  decarboxylase 
(GAD)  immunoreactivity  and  nuclear  ultrastructure, 
undergo  a  transient  atrophic  vacuolar  pathology  starting 
early  during  the  period  of  projection  neuron  death  and 
peaking  after  projection  neuron  death  is  complete.  Their 
total  numbers  did  not  change  significantly  postlesion. 
Therefore,  different  types  of  neurons  within  the  same 
thalamic  nucleus  respond  differently  after  neocortical 
damage.  The  projection  neurons  are  apoptosis-prone, 
while  most  intemeurons  undergo  transient  transsynaptic 
atrophy  and  recovery  rather  than  cell  death. 

Cell  death  in  the  adult  rat  dLGN  was  studied  using 
terminal  transferase-mediated  deoxyuridine  triphosphate 
nick  end  labeling  (TUNEL).  TUNEL-positive  cells  were 
found  within  the  dLGN  ipsilateral  to  the  lesion  at  3-30 
days  postlesion  (Figs.  1  and  2A).  TUNEL  staining  of 
cells  in  the  ipsilateral  dLGN  was  frequent.  Many  more 
than  a  few  isolated  cells  were  positive,  as  shown  in  pan¬ 
oramic  photomicrographs  of  the  ipsilateral  dLGN 
(Fig.  I  A),  consistent  with  our  earlier  studies  revealing 
an  ~51%  loss  of  neurons  in  rat  (Al- Abdulla  et  al., 
1998;  Martin  et  ah,  2001).  These  labeled  cells  were  neu¬ 
rons  (Figs.  IB  and  2 A).  The  TUNEL-positive  cells 
within  the  ipsilateral  dLGN  were  geniculocortical  projec¬ 
tion  neurons  based  on  the  prelabeling  with  FG  (Fig.  2A), 
confirming  earlier  observations  (Al-Abdulla  and  Martin, 
1998).  This  labeling  was  highly  specific  for  the  dLGN 
ipsilateral  to  the  cortical  lesion.  No  labeling  was  seen 
in  the  LGN  contralateral  to  the  lesion  at  any  time 
(Fig.  1C).  The  number  of  TUNEL-positive  cells  changed 
over  time  in  the  ipsilateral  dLGN  (Fig.  ID).  The  mean 
number  (  ±  standard  deviation)  of  TUNEL-positive  cells 
per  0.2  mm2  was  4.5  ±0.7,  26.0±4.2,  and  2.0  ±  1.4  at  3, 
7,  and  14  days  postlesion,  respectively.  By  30  days  post¬ 
lesion,  TUNEL-positive  cells  were  observed  infrequently 
( <  1  darkly  stained  TUNEL-positive  cells/0.2  mm2). 

We  determined  if  loss  of  intemeurons  within  the  LGN 
also  contributed  to  the  observed  cell  death.  Intemeurons 
in  the  dLGN  were  counted  to  determine  if  there  was  a 
reduction  in  their  number.  GAD-positive  cells  in  the 
dLGN  were  detected  with  antibodies  (Fig.  2B).  Their 
numbers  did  not  change  significantly  after  occipital  cor¬ 
tex  lesion.  The  mean  number  (±  standard  deviation)  of 
GAD-positive  cells  in  the  dLGN  per  0.2  mm2  was  20  ±  4, 
20  ±2,  24  ±  1,  and  20  ±2  at  7,  14,  30  days  and  3  months 
postlesion,  respectively  (Fig.  3).  Thus,  loss  of  GABAer- 
gic  interneurons  did  not  contribute  significantly  to  the 
cell  death  in  the  dLGN  after  occipital  cortex  ablation. 

Although  the  average  number  of  GAD-positive  cells 
did  not  change  significantly  in  the  dLGN  after  occipital 
cortex  ablation  (Fig.  3),  intemeurons  undergo  prominent 
structural  abnormalities.  This  observation  was  made  by 
light  microscopic  evaluation  of  GAD  immunostained 
and  Nissl-counterstained  sections  (Fig.  2C)  and  by  elec¬ 
tron  microscopy  (EM)  (Fig.  4).  Normal  GABAergic  in¬ 
terneurons  have  an  ovoid  cell  body  and  long  slender 
bifurcating  dendrites  (Fig.  2B).  At  7  days  postlesion, 
GAD-positive  cells  appeared  abnormal,  with  large  den¬ 


dritic  and  cytoplasmic  vacuoles  (Fig.  2C).  These  vacuo¬ 
lated  intemeurons  were  found  frequently  within  dLGN 
areas  containing  many  dying  geniculocortical  projection 
neurons.  The  hydropic  atrophy  of  the  majority  of  inter¬ 
neurons  continued  through  14  days,  and  to  a  lesser 


Fig.  1.  TUNEL  demonstrates  that  the  cell  death  occurring  within 
the  LGN  after  cortical  ablation  is  copious  and  is  specific  for  the 
ipsilateral  side.  (A)  Numerous  TUNEL-positive  cells  (arrows)  are 
present  within  the  ipsilateral  LGN  at  7  days  postlesion  (see 
Fig.  2A  for  higher  magnification  photograph  illustrating  that  these 
TUNEL-positive  cells  are  geniculocortical  projection  neurons). 
Scale  bar  in  A  (same  for  C)  =  80  pm.  (B)  TUNEL-positive  cell 
(arrow)  in  the  ipsilateral  dLGN  seen  at  high  magnification.  This 
cell  undergoing  DNA  fragmentation  has  a  large  round  nucleus 
typical  of  a  neuron.  The  DNA  is  clumped  around  the  margin  of 
the  nucleus  consistent  with  apoptosis.  Scale  bar  =10  pm.  (C)  No 
TUNEL  labeling  was  seen  in  the  contralateral  LGN.  (D)  Counts 
of  TUNEL-positive  cells  (mean  ±  S.D.)  show  that  cell  death  occurs 
from  day  3  to  day  30  postlesion,  peaking  at  7  days  postlesion. 
The  value  at  30  day  is  essentially  zero.  TUNEL-positive  cell  num¬ 
ber  at  7  days  is  significantly  different  (F  <  0.05)  from  other  times. 
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Time  Postlesion 

Fig.  3.  The  number  of  GAD-positive  cells  in  the  dLGN  does  not 
change  after  occipital  cortex  ablation.  Values  are  reported  as 
mean  ±S.D.  at  7,  14,  and  30  days  (d)  postlesion  and  3  months 
(m)  postlesion. 

extent  at  30  days  postlesion  (not  shown).  By  3  months 
postlesion,  interneurons  were  unremarkable,  and  inter¬ 
neuron  cytopathology  was  absent  (not  shown). 

Apoptosis  of  GAD-positive  neurons  was  very  infre¬ 
quent  (Fig.  2D),  consistent  with  the  failure  to  detect  sig¬ 
nificant  loss  of  intemeurons.  These  neurons  had  a 
condensed  cytoplasm  and  a  nucleus  with  chromatin 
that  was  condensed  into  small  round  masses  (Fig.  2D), 
characteristic  of  apoptosis  (Martin  et  al.,  1998;  Martin  et 
al.,  1999;  Martin,  2001).  Apoptotic  interneurons  com¬ 
prised  <  1  in  100  apoptotic  cells  and  <  1  in  100 
GAD-positive  cells  within  the  ipsilateral  dLGN. 

EM  was  used  to  examine  the  structure  of  interneuron 
pathology  for  comparison  with  projection  neuron  degen¬ 
eration.  Intemeurons  were  identified  by  a  prominent 
invagination  of  the  nuclear  envelope  (Fig.  4A,  arrow). 
An  indented  nuclear  envelope  is  a  distinct  ultrastructural 
signature  of  GAD-positive  intemeurons  (Ohara  et  al., 
1983;  Montero  and  Singer,  1985).  It  is  not  known  with 
certainty  whether  this  feature  changes  in  cells  responding 
to  an  injury.  Apoptotic  cells  had  the  characteristic  dark 
round  chromatin  masses  (Fig.  4B,  asterisk)  and  con¬ 
densed  cytoplasm.  At  end-stage  apoptosis  the  cell  iden¬ 
tity  was  undecipherable.  Thalamic  projection  neurons 
and  intemeurons  in  the  dLGN  primarily  underwent  dis¬ 
tinct  forms  of  degeneration  after  cortical  damage.  The 
major  form  of  neurodegeneration  was  apoptosis,  occur¬ 
ring  in  most  projection  neurons  by  7  days  postlesion.  A 
rarefaction  pathology,  distinct  from  apoptosis,  was  a  less 


frequently  occurring  form  of  neurodegeneration  (Fig. 
4C,  D).  It  occurred  in  interneurons  at  7  and  14  days 
postlesion.  The  cytoplasmic  pallor  appeared  to  result 
from  dispersion,  fragmentation,  and  apparent  loss  of 
the  rough  endoplasmic  reticulum  (rER)  and  Golgi  appa¬ 
ratus  (Fig.  4C,  D).  Stacks  of  rER  and  Golgi  were 
observed  infrequently.  Many  mitochondria  were  still 
present  in  these  pale  neurons,  but  they  were  dark  and 
condensed  (Fig.  4C,  D),  consistent  with  a  cell  responding 
to  injury  (Martin  et  al.,  1998).  Vacuolar  changes  were 
present  in  the  cytoplasm  of  these  intemeurons.  The 
nucleus  had  dispersed  chromatin  and  was  weakly  con¬ 
trasted  with  osmium,  resulting  in  marked  nuclear  pallor 
(Fig.  4D).  These  changes  caused  the  interneurons  to 
appear  distinctly  lighter  than  normal  neurons.  By  30 
days  postlesion,  these  degenerative  cytoplasmic  and 
nuclear  changes  were  less  apparent  (vacuoles  and  mito¬ 
chondrial  condensation  dissipated),  as  these  intemeurons 
appeared  to  recover  (Fig.  4H).  By  3  months  postlesion, 
intemeurons  appeared  normal,  with  the  rER  stacking, 
mitochondria,  Golgi,  and  nuclear  organization  appearing 
unaltered  (not  shown). 

Degeneration  of  intemeurons  with  an  apoptotic  mor¬ 
phology  was  observed  infrequently  by  EM.  It  could  be 
found  only  after  extensive  viewing.  When  it  was  found, 
the  structure  resembled  classic  apoptosis  similar  to  LGN 
projection  neuron  apoptosis  (Al-Abdulla  et  al.,  1998; 
Martin  et  al.,  1998).  In  some  interneurons  at  6  days 
postlesion,  the  nucleus  contained  aggregates  of  chroma¬ 
tin  in  nascent  compaction  (Fig.  4E,  F).  At  early  struc¬ 
tural  stages  of  apoptosis  the  nuclear  invagination  was 
still  present,  thus  marking  these  cells  as  interneurons. 
By  7  days  postlesion,  these  occasional  intemeurons  had 
a  condensed  nucleus  with  an  intact  nuclear  envelope 
(Fig.  4G).  The  nucleus  contained  multiple  dark,  moder¬ 
ately  dense  aggregates  of  chromatin.  Their  perikarya 
were  dark  and  shrunken,  consisting  of  tightly  packed 
organelles  within  a  dark  cytoplasmic  matrix  (Fig.  4G). 
These  structural  features  of  early  apoptosis  progressed  to 
end-stage  apoptosis.  At  this  time  apoptotic  intemeurons 
and  projection  neurons  were  indistinguishable  morpho¬ 
logically  (Fig.  4B). 

Although  the  occipital  cortex  ablation  model  has  been 
employed  for  over  50  years,  this  brain  injury  paradigm 
can  still  be  used  to  unravel  the  mechanisms  of  neuronal 
degeneration  and  recovery  within  the  CNS.  This  study  is 
novel  because  it  highlights  the  differential  vulnerability  of 
remote  thalamic  neurons  to  distant  cortical  injury.  The 
synchronized  apoptosis  of  projection  neurons  occurred  in 


Fig.  2.  Geniculocortical  projection  neurons  and  GABAergic  interneurons  degenerate  after  occipital  cortex  ablation.  (A)  Dying 
cells  in  the  dLGN  are  geniculocortical  projection  neurons  (arrows).  TUNEL-positive  cells  (brown  nuclear  labeling)  contain 
the  retrograde  tracer  FG  (blue-green  cytoplasmic  labeling  surrounding  the  nucleus  with  aggregates  of  TUNEL  staining), 
indicating  that  these  dying  neurons  projected  to  the  occipital  cortex.  Scale  bar  =  20  pm.  (B)  Normal-appearing  GAD-immuno- 
positive  intemeuron  in  the  dLGN.  The  cell  body  is  ovoid  and  the  cytoplasm  is  enriched  in  GAD  immu noreactivity  (brown 
staining).  A  primary  dendrite  (arrow)  bifurcates  into  long  slender  secondary  dendrites.  Scale  bar  (same  for  C  and  D)  =  10  pm. 
(C)  A  GAD-immunopositive  intemeuron  at  7  days  postlesion  with  large  intradendritic  vacuoles  aligned  side-by-side  (arrow). 
The  continuity  between  the  vacuolated  dendrite  and  the  parent  cell  body  is  identified  (arrowhead).  (D)  Apparent  apoptosis 
was  observed  in  very  few  GAD-immunopositive  cells  at  7  days  postlesion.  In  immunoperoxidase-labeled  sections  counter- 
stained  with  Cresyl  Violet,  such  rare  cells  (arrow)  have  a  shrunken  cell  body  with  residual  GAD  staining  (brown)  and  a 

small  condensed  nucleus,  consistent  with  apoptosis. 
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association  with  transient  atrophic  degeneration  and 
recovery  of  LGN  interneurons.  In  the  presence  of  wide¬ 
spread  apoptosis  of  geniculocortical  projection  neurons, 
the  number  of  GAD-positive  cells  did  not  change  signifi¬ 
cantly  after  occipital  cortex  ablation;  however,  EM 
revealed  an  interesting  pathology  in  these  neurons.  This 
injury  in  intemeurons  may  be  indicative  of  a  transsynap- 
tic  retrograde  atrophy. 

This  process  of  atrophy  is  similar  to  that  observed  in 
other  models  of  axotomy.  After  fimbria-fornix  transec¬ 
tion  in  rat,  neurons  in  the  medial  septal  nucleus,  lateral 
septal  nucleus,  and  medial  mammillary  nucleus  undergo 
a  sustained  vacuolar  atrophy  (Ginsberg  and  Martin, 
1998;  Ginsberg  et  al.,  1999;  Ginsberg  and  Martin, 
2002).  Unlike  the  fimbria-fornix  model,  the  intemeuro- 
nal  degeneration  in  the  adult  LGN  is  transient.  These 
abnormalities  occur  in  the  apparent  absence  of  nuclear 
pyknosis  and  chromatin  condensation,  in  contrast  to  the 
apoptotic  morphology  of  projection  neurons.  Thus,  pro¬ 
jection  neurons  and  intemeurons  in  the  LGN  undergo 
primarily  distinct  forms  of  neurodegeneration  after  occi¬ 
pital  cortex  lesions.  While  most  geniculocortical  projec¬ 
tions  die  by  a  process  that  is  apoptosis  (Martin  et  al., 
2001),  most  intemeurons  undergo  a  hydropic  pathology 
and  then  recover. 

Atrophy  of  intemeurons  may  be  a  response  to  loss  of 
their  target  neurons,  specifically  the  geniculocortical  pro¬ 
jection  neurons.  It  is  not  yet  known  how  many  genicu¬ 
locortical  projection  neurons  are  innervated  by  a  single 
dLGN  intemeuron  and  how  many  relay  neurons  are 
required  to  sustain  an  intemeuron.  It  is  reasonable  to 
suspect  that  local  circuit  neurons  in  the  dLGN  lose 
their  intrageniculate  targets  to  varying  degrees.  A  tran¬ 
sient  or  sustained  decrease  in  the  intrinsic  supply  of 
target-derived  trophic  factors  may  commit  dLGN  inter¬ 
neurons  to  transient  degeneration  and  recovery  or  to  cell 
death  by  an  apoptotic-like  process.  Thus,  the  fate  of 
LGN  intemeurons  may  fall  along  a  cell  death  continuum 
(Martin  et  al.,  1998;  Martin,  2001),  depending  on  the 
severity  of  target  deprivation  and  the  extent  of  axonal 


collateralization  (Fry  and  Cowan,  1972).  Very  few  dLGN 
interneurons  undergo  apoptosis.  This  death  occurs  at  the 
end  of  the  wave  of  geniculocortical  projection  neuron 
apoptosis;  therefore,  this  neuronal  death  of  LGN  inter¬ 
neurons  could  be  transsynaptic  apoptosis.  We  have 
described  transsynaptic  neuronal  apoptosis  in  other 
models  of  brain  injury  (Ginsberg  and  Martin,  2002). 

The  mechanisms  of  intemeuron  recovery  and  survival 
may  be  related  to  formation  of  synaptic  interactions  with 
remaining  projection  neurons  or  afferents  from  retinal 
ganglion  cells  or  corticogeniculate  neurons.  Interneurons 
in  cerebral  cortex  respond  to  apoptosis  of  their  target 
neurons  by  up-regulation  of  the  expression  of  neurotro- 
phin  genes  (Wang  et  al.,  1998).  This  transient  interneu¬ 
ron  degeneration  followed  by  recovery  in  thalamus  may 
be  an  important  cellular  model  for  isolating  in  vivo  mech¬ 
anisms  of  neuronal  repair  and  rescue. 


CONCLUSION 

This  study  is  novel  because  it  highlights  the  vulnerabil¬ 
ity  of  remote  thalamic  intemeurons  to  distant  cortical 
injury.  The  responses  of  thalamic  intemeurons  to  cortical 
damage  are  very  complex.  The  process  of  intemeuronal 
degeneration  appears  to  embrace  both  transsynaptic  neu¬ 
ronal  apoptosis  as  well  as  transient  atrophy  with  recov¬ 
ery.  Although  the  occipital  cortex  ablation  model  has 
been  employed  for  over  fifty  years,  this  brain  injury  para¬ 
digm  can  still  provide  extremely  useful  insights  into  the 
mechanisms  of  neuronal  degeneration  and  recovery 
within  the  CNS. 


EXPERIMENTAL  PROCEDURES 

Lesion  paradigm 

An  occipital  cortex  aspiration  lesion  served  as  the  model  for 
focal  neocortical  damage  and  axotomy  and  target  deprivation  of 
LGN  projection  neurons  in  adult  male  Sprague-Dawley  rats 


Fig.  4.  EM  demonstrates  that  neuronal  degeneration  in  the  dLGN  after  occipital  cortex  ablation  can  occur  as  either  apopto¬ 
sis  or  transient  atrophy.  These  electron  micrographs  are  representative  of  the  different  forms  of  degeneration  in  the  dLGN. 
(A)  Intemeurons  at  1  day  (Id)  postlesion  have  a  normal  cytoplasm  containing  organelles,  including  perinuclear  stacking  of 
rER  (at  lower  left  of  cell),  numerous  ribosomes,  and  an  open  nucleus  (Nu)  with  dispersed  chromatin.  The  nuclear  invagina¬ 
tion  (arrow)  flags  this  neuron  as  an  intemeuron  in  the  dLGN.  Scale  bar  =  0.7  pm  (same  for  Q.  (B)  Copious  end-stage  neuro¬ 
nal  apoptosis  is  observed  in  the  dLGN  at  7  days  (7d)  postlesion.  Cellular  shrinkage  and  the  formation  of  large  chromatin 
masses  (asterisk)  characterize  this  apoptosis.  At  this  stage,  the  identity  of  this  cell  is  indeterminate.  Scale  bar  =  0.3  pm.  (C)  At 
7  days  (7d)  postlesion,  atrophic  changes,  occurring  in  the  majority  of  intemeurons,  include  fragmentation  and  dispersion  of 
the  rER  and  rarefaction  of  the  cytoplasm.  Membrane-bound  vacuoles  (v)  are  present.  The  mitochondria  are  darker  than 
normal.  The  nucleus  (Nu)  appears  intact.  (D)  By  14  days  (14d)  postlesion,  the  uitrastructural  pathology  of  injured  intemeu¬ 
rons  is  very  apparent.  Nuclear  (Nu)  pallor  is  observed  with  dispersion  and  rarefaction  of  the  chromatin,  without  chromatin 
compaction.  The  cytoplasm  is  pale  with  some  vacuoles  (v).  Mitochondria  are  dark  but  appear  intact.  Scale  bar  =  0.8  pm 
(same  for  E).  (E)  At  6  days  (6d)  postlesion,  very  few  intemeurons  (identified  by  the  conspicuous  nuclear  invagination)  show 
a  darkening  of  the  cytoplasm.  Aggregates  of  chromatin  (asterisk)  in  nascent  compaction  are  observed  in  the  nucleus  (Nu)  of 
these  rare  neurons.  (F)  Other  neurons  that  could  be  intemeurons  based  on  nuclear  invaginations  are  more  advanced  (than 
the  neurons  shown  in  E)  in  their  nuclear  and  cytoplasmic  condensation.  The  nuclear  matrix  (Nu)  is  darkening  as  chromatin 
aggregates  are  forming  (asterisk).  The  cytoplasmic  matrix  becomes  darker.  Most  mitochondria  (m)  are  still  intact,  although 
some  are  degenerating  (upper  mitochondrion  of  the  three  labeled).  Scale  bar  =  0.6  pm.  (G)  At  7  days  (7d)  postlesion,  the 
apoptosis  is  structurally  advanced.  Dense  aggregates  of  chromatin  (asterisk)  in  the  nucleus  (Nu)  have  been  formed.  The  cells 
are  shrunken  and  the  cytoplasm  is  darkly  condensed.  Most  mitochondria  (m)  are  degenerating.  Scale  bar  =  0.5  pm.  (H)  By 
30  days  (30d)  postlesion,  interneurons  with  atrophic  cytoplasmic  and  nuclear  changes  appear  to  be  recovering  based  on  the 
cytoplasmic  and  nuclear  (Nu)  integrity  (compare  with  neurons  shown  in  A-D).  Glial  cells  (upper  cell  with  dark  crescent 
nucleus)  are  adjacent  to  these  intemeurons.  Scale  bar  =  0.8  pm. 


LGN  interneuron  degeneration 
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(Charles  River,  Wilmington,  MA,  USA).  The  institutional  Ani¬ 
mal  Care  and  Use  Committee  approved  the  animal  protocol. 
This  model  has  been  described  (Al-Abdulla  et  al.,  1998),  The 
rats  were  anesthetized  with  sodium  pentobarbital  (70  mg/kg, 
intraperitoneal)  and  perfused  at  1  day,  3,  4,  5,  6,  7,  14,  and 
30  days  and  3  months  postlesion  (n  =  8  per  time  point).  To 
specifically  mark  geniculocortical  projection  neurons,  the  retro¬ 
grade  tract  tracer  FG  (Fluorochrome,  Inc.,  Englewood,  CO, 
USA)  was  injected  into  visual  cortex  as  described  (Al-Abdulla 
and  Martin,  1998).  Three  days  later  the  rats  (n  =  8)  underwent 
an  occipital  cortex  ablation.  FG-injected  rats  with  occipital  cor¬ 
tex  ablations  recovered  for  6  days  before  being  perfused. 
Another  set  of  rats  was  killed  at  1,3,  5,  6,  or  7  days  postlesion 
(n-  2  per  time  point)  for  EM  studies  as  described  (Al-Abdulla  et 
al.,  1998;  Al-Abdulla  and  Martin,  1998). 

Evaluation  of  neurodegeneration  in  the  dLGN 

Brain  samples  containing  the  diencephalon  were  either  pro¬ 
cessed  for  paraffin  histology  or  were  cryopreserved  in  30% 
sucrose  in  phosphate  buffer  and  frozen  in  isopentane  chilled 
by  dry  ice.  Roughly  half  of  the  brains  were  processed  by  one 
or  the  other  method.  Coronal  sections  (10  pm)  through  the 
LGN  were  cut  using  a  rotary  microtome  from  the  paraffin-pro- 
cessed  brains.  These  sections  were  mounted  on  glass  slides 
coated  with  Vectabond  and  were  used  for  identifying  DNA 
fragmentation  by  TUNEL,  a  hallmark  of  cell  death  (Gavrieli 
et  al.,  1992;  Martin,  2001),  and  for  dual  staining  for  TUNEL 
and  FG  to  identify  dying  corticopetal  projection  neurons.  These 
methods  have  been  described  previously  (Martin  et  al.,  1997, 
1999;  Al-Abdulla  et  al.,  1998;  Al-Abdulla  and  Martin,  1998). 
DNA  fragmentation  was  visualized  with  diaminobenzidine  (gen¬ 
erating  an  amorphous  brown  reaction  product)  and  FG  was 
visualized  with  benzidine  dihydrochloride  (generating  a  blue- 
green  crystalline  reaction  product). 

Coronal  sections  (40  pm)  through  the  LGN  were  cut  from  the 
frozen  brains  using  a  sliding  microtome.  These  sections  were 
used  for  immunoperoxidase  detection  of  GAD.  GAD  is  a 
marker  for  y-aminobutyric  acid  (GABA)-containing  interneu¬ 
rons.  These  sections  were  processed  using  a  free-floating  immu¬ 


noperoxidase  method  with  diaminobenzidine  as  chromogen. 
Two  different  polyclonal  antibodies  were  used  (diluted 
1:2000).  One  antibody  detects  GAD-67  (AB108,  Chemicon 
Inc.,  Temecula,  CA,  USA)  and  the  other  antibody  detects 
both  GAD-65  and  GAD-67  (G5I63,  Sigma,  St.  Louis,  MO, 
USA). 

Stereologic  counting  of  TUNEL-positive  cells  and  GAD-pos- 
itive  neurons  was  performed  using  the  optical  dissector  methods 
as  previously  described  (Calhoun  et  al.,  1996;  Al-Abdulla  et  al., 
1998;  Martin  et  al.,  2001)  using  a  lens  with  a  depth  of  focus  of 
1.5  pm  (Olympus,  D  Planapo  60).  The  analysis  was  done  in  the 
ipsilateral  dLGN  at  7,  14,  and  30  days  as  well  as  3  months 
postlesion  (n  =  4  rats  per  time  group).  The  contralateral  dLGN 
of  the  same  animal  was  used  as  a  control.  Randomly  selected 
coronal  sections  through  the  rostro-caudal  axis  of  the  dLGN 
were  used.  Systematic  random  sampling  was  used  to  analyze 
the  dLGN.  For  each  adult  rat,  neuronal  profiles  were  counted 
at  600  X  magnification.  Neuronal  counts  in  the  dLGN  were 
used  to  determine  group  means  and  variances  and  comparisons 
among  groups  were  performed  using  a  one-way  analysis  of  var¬ 
iance  and  a  Student’s  r-test. 

For  EM,  samples  of  LGN  ipsilateral  and  contralateral  to  the 
cortical  lesion  were  microdissected  from  each  rat,  washed  in 
phosphate  buffer,  placed  in  2%  osmium  tetroxide  for  2  h,  dehy¬ 
drated,  and  embedded  in  plastic.  Semithin  sections  (1  pm) 
stained  with  1%  Toluidine  Blue  were  screened  for  regions  of 
interest,  and  then  thin  sections  (gold  interference  color)  were 
cut  on  an  ultramicrotome  (Sorvall,  Norwalk,  CT,  USA),  con¬ 
trasted  with  uranyl  acetate  and  lead  citrate,  and  viewed  with  a 
JEOL  100  S  electron  microscope. 
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Abstract 

The  mechanisms  for  the  profound  degeneration  of  striatal  neurons  after  hypoxia-ischemia  in  newborns  are  not  understood.  We 
hypothesized  that  this  striatal  neurodegeneration  is  related  to  iV-methyl-D-aspartate  (NMDA)  receptor-mediated  excitotoxicity.  Using  a 
1 -week-old  piglet  model  of  hypoxia-ischemia,  we  evaluated  whether  the  expression  and  phosphorylation  of  NMDA  receptor  subunits  in 
striatum  are  modified  with  severity  of  evolving  neuronal  injury  after  hypoxia-ischemia.  Protein  levels  of  NR1,  phosphorylated  NR1 
,97serine,  NR2A  and  NR2B  in  striatum  were  measured  by  immunoblotting  after  piglets  underwent  hypoxic-asphyxic  cardiac  arrest, 
cardiopulmonary  resuscitation,  and  recovery  for  3,  6,  12  or  24  h.  In  membrane  fractions  isolated  from  total  striatum,  mean  NR1  and 
NR2A  levels  did  not  change  significantly  with  time  after  hypoxia-ischemia  compared  to  control;  however,  the  levels  of  both  NR1  and 
phosphorylated  NR1  8,7serine  correlated  with  neuronal  injury  in  putamen,  with  higher  levels  associated  with  greater  neuronal  injury  in 
individual  animals.  NR2B  levels  were  increased  at  24  h  after  hypoxia-ischemia.  Astrocyte  expression  of  NR2B  was  prominent  after 
hypoxia-ischemia.  We  conclude  that  NMDA  receptors  are  changed  in  striatum  after  neonatal  hypoxia-ischemia  and  that  abnormal 
NMDA  receptor  potentiation  through  increased  NR  l  phosphorylation  may  participate  in  the  mechanisms  of  striatal  neuron  degeneration 
after  hypoxia-ischemia.  ©  2002  Elsevier  Science  B.V.  All  rights  reserved. 

Theme:  Disorders  of  the  nervous  system 

Topic:  Ischemia 

Keywords:  Excitotoxicity;  Neuronal  cell  death 


1.  Introduction 

Hypoxic-ischemic  brain  injury  in  newborns  caused  by 
cardiac  arrest  or  perinatal  asphyxia  leads  to  clinical 
neurological  disabilities  and  results  in  a  characteristic 
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damage  of  the  striatum,  with  the  putamen  showing 
selective  vulnerability  [10,17].  Because  of  the  extreme 
difficulty  of  delineating  mechanisms  of  brain  damage  in 
human  newborns,  animal  models  must  be  used.  We  have 
developed  and  characterized  a  piglet  model  of  hypoxia- 
ischemia  (HI)  [4,7,15,18).  This  piglet  model  has  a 
neuropathology  comparable  to  the  injury  found  in  human 
newborns  after  HI  [10].  In  this  [15,16,18]  and  other 
models  [5],  glutamate  receptor  mediated  excitotoxic  cell 
injury  attributable  to  NMDA  receptors  is  thought  to  be  a 
main  mechanism  of  neuronal  degeneration  after  HI  in 
newborns. 

NMDA  receptors,  a  class  of  ionotropic  glutamate  re¬ 
ceptors,  are  composed  of  three  main  subunit  families: 
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NR1,  NR2  (A-D)  and  NR3A  [26],  These  receptors  are 
heteromeric  protein  complexes  with  individual  subunits 
showing  specific  pharmacological  and  electrophysiological 
properties.  Each  receptor  subunit  has  characteristic  re¬ 
gional  and  developmental  expression  profiles  in  rodents 
[1,31].  NR1  is  the  fundamental  subunit  and  is  necessary 
for  receptor  function.  NR2  subunits  appear  to  contribute 
diversity  in  NMDA  receptor  function.  NR1  and  NR3A 
have  widespread  expression  throughout  the  nervous  sys¬ 
tem,  whereas  NR2A  and  NR2B  are  mostly  found  in  the 
forebrain  [24,30],  NR2C  is  found  mainly  in  the  cerebellum 
and  NR2D  is  essentially  complementary  to  NR2A. 

NMDA  receptors  have  been  shown  to  be  involved  in 
different  models  of  brain  injury  such  as  hypoglycemia- 
induced  neuronal  damage  [39],  carotid  ligation  ischemia  in 
rodents  [35]  and  hypoxia  in  piglets  [23].  However,  neuro¬ 
protection  experiments  using  NMDA  receptor  blockers 
have  generated  mixed  results  in  in  vivo  models  of  brain 
injury.  These  divergent  results  may  be  related  to  variations 
in  experimental  design,  in  animal  model  used  and  in  the 
specific  underlying  mechanisms  that  are  involved.  For 
example,  MK-801,  a  noncompetitive  NMDA  receptor 
channel  blocker,  appears  to  be  neuroprotective  in  adult  [6] 
and  neonatal  [21,22]  rodent  models  of  global  ischemia  and 
in  adult  cat  models  of  focal  ischemia  [28,29],  but  MK-801 
is  not  protective  in  a  newborn  piglet  model  of  HI  [12], 
Therefore,  despite  the  widespread  literature  implicating 
NMDA  receptors  in  brain  injury  after  HI,  more  infor¬ 
mation  is  needed  to  delineate  the  specific  mechanisms  that 
define  their  involvement. 

Reliable  neuroprotective  interventions  based  on  the 
modulation  of  NMDA  receptor  function  still  need  to  be 
carried  out  in  animal  models  of  HI.  It  remains  unclear  how 
NMDA  receptors  are  abnormally  activated  after  an  insult 
such  as  HI.  A  demonstration  of  NMDA  receptor  activation 
would  provide  needed  evidence  to  support  a  role  in  HI. 
Appropriate  electrophysiological  characterization  of 
NMDA  receptor  functional  activity  is  extremely  difficult  in 
whole  animals.  However,  the  phosphorylation  state  of 
receptor  proteins  is  known  to  change  as  a  regulatory 
mechanism  of  receptor  function  [11,36-38].  Notably, 
phosphorylation  plays  a  role  in  NR1  activation  [9,40]. 
Protein  kinase  A  (PKA)  and  protein  kinase  C  (PKC) 
phosphorylate  specific  serine  residues  of  the  Cl  terminal 
domain  of  NR1  and  can  be  identified  using  antibodies 
specific  to  each  phosphorylated  form  of  NR1  [36].  There¬ 
fore  in  our  newborn  piglet  model  of  cardiac  arrest,  we 
examined  the  protein  levels  and  phosphorylation  status  of 
NMDA  receptors  after  HI.  We  hypothesized  that  excitotox- 
icity  mediated  by  NMDA  receptors  contributes  to  the  death 
of  neurons  in  the  newborn  piglet  striatum  after  HI  and  that 
receptor  subtype  levels  and  the  phosphorylation  state  of  the 
main  receptor,  NR1,  are  modified  after  HI,  with  time  or 
severity  of  neuronal  injury.  Our  experiments  show  that 
NR1  phosphorylation  is  increased  with  severe  neuronal 
damage. 


2.  Materials  and  methods 

2.1.  Piglet  model  of  hypoxia-ischemia 

The  protocol  was  approved  by  the  Johns  Hopkins 
Medical  Institutions  Animal  Care  and  Use  Committee  and 
has  been  described  and  characterized  previously  [4,16], 
One-week-old  male  or  female  piglets  (~3  kg)  were  anes¬ 
thetized  with  65  mg/kg  intraperitoneal  pentobarbital, 
intubated,  and  mechanically  ventilated.  Femoral  arterial 
and  venous  catheters  were  placed  into  the  thoracic  aorta 
and  inferior  vena  cava  and  were  tunneled  subcutaneously 
for  long-term  access;  50  mg/kg  cephalothin,  i.v.,  was 
administered.  Oxygenation,  ventilation,  and  acid-base 
balance  were  normalized,  and  animals  were  maintained 
normothermic  (38.5-39.5  °C).  Animals  received  10  ml/ 
kg/h  of  lactated  Ringer’s  solution  i.v.,  with  analgesia  (10 
(xg/kg  fentanyl  i.v.)  and  neuromuscular  blockade  (0.3 
mg/kg  pancuronium  i.v.)  as  needed.  Baseline  arterial 
blood  gas,  hemoglobin,  serum  glucose,  and  pulse  and 
blood  pressure  were  recorded. 

Animals  were  exposed  to  30  min  of  hypoxia  by  decreas¬ 
ing  the  fraction  of  inspired  02  (FI02  0.1  with  an  arterial 
02  saturation  30%),  then  to  5  min  of  room  air  ventilation 
(FI02  0.2  with  an  arterial  Oz  saturation  65%),  and  to  7 
min  of  airway  occlusion  (arterial  02  saturation  5%), 
resulting  in  asphyxic  cardiac  arrest.  Ventilation  with  FI02 
1.0,  manual  chest  compressions,  0.1  mg/kg  epinephrine, 
i.v.  and  1  mequiv./kg  sodium  bicarbonate  i.v.  were 
administered  for  resuscitation  until  spontaneous  circulation 
returned,  usually  within  2-3  min.  Ventricular  fibrillation 
was  treated  with  2  J/kg  defibrillation,  with  1  mg/kg 
lidocaine  i.v.  if  multiple  defibrillations  were  required. 
Approximately  90%  of  the  piglets  were  successfully 
resuscitated.  The  animals  were  allowed  to  awaken  and 
were  extubated  when  able  to  maintain  oxygenation  and 
ventilation,  usually  within  8  h;  they  usually  drank  formula 
milk  within  24  h.  Animals  were  allowed  to  recover  for  3, 
6,  12  or  24  h  after  the  return  of  spontaneous  circulation 
before  they  were  euthanized  and  brain  tissue  was  har¬ 
vested. 


2.2.  Brain  preparation 

Brains  were  harvested  as  fresh  tissue  samples  for 
immunoblotting  or  were  perfusion-fixed  for  immuno- 
cytochemical  analysis  (n  =  16  hypoxic-ischemic  and  n—5 
controls).  Brain  retrieval  was  done  by  an  investigator 
blinded  to  the  animal’s  specific  experimental  history.  For 
immunoblotting,  three  to  four  animals  per  time  point  were 
anesthetized  with  65  mg/kg  pentobarbital  i.p.  and  exsan¬ 
guinated  with  cold  phosphate-buffered  saline  (PBS). 
Brains  were  removed  rapidly  and  placed  on  wet  ice.  The 
cerebrum  was  transected  midsagittally,  and  the  hemi¬ 
spheres  were  subdissected  to  obtain  samples  from  striatum 
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(putamen,  caudate,  internal  capsule  and  nucleus  accum- 
bens).  Samples  were  frozen  quickly  in  isopentane  and 
stored  at  -70  °C.  From  the  left  hemisphere,  a  5-mm  thick 
slab  containing  striatum  was  immersion  fixed  in  5% 
acrolein,  embedded  in  paraffin,  sectioned  and  stained  with 
hematoxylin  and  eosin  (H&E)  for  assessment  of  ischemic 
neuronal  damage  (see  below). 

For  immunocytochemical  analysis,  two  to  three  animals 
per  time  point  were  anesthetized  with  65  mg /kg  pen¬ 
tobarbital,  i.p.,  exsanguinated  with  cold  PBS,  and  perfused 
for  20  min  with  cold  4%  paraformaldehyde- 1%  glutaral- 
dehyde.  The  brain  was  removed,  the  cerebrum  was  trans¬ 
ected  midsagittally,  and  each  hemisphere  was  cut  into 
1-cm  slabs.  The  right  hemisphere  was  cryoprotected  in 
20%  glycerol-PBS  for  24  h  and  frozen  in  isopentane  at 
—70  °C.  Serial  40-pm  sections  through  the  striatum  were 
cut  on  a  freezing  microtome  and  stored  in  antifreeze  buffer 
at  -20  °C,  and  subsequently  assayed  for  immunohistoch- 
emical  staining. 

A  coronal  slab  of  striatum  from  the  left  hemisphere  of 
each  animal  was  paraffin-processed,  and  10-pm  sections 
were  stained  with  H&E  to  quantify  ischemic  neuronal 
damage.  Neuronal  damage  was  defined  as  the  fraction  of 
neurons  with  ischemic  cytopathology  relative  to  the  total 
number  of  neurons  in  microscopic  fields  in  the  putamen. 
Quantification  of  neuronal  damage  was  done  by  a  blinded 
investigator  unaware  of  animal  recovery  time.  Neuronal 
damage  was  quantified  using  nonstereological  profile 
counting.  In  sections  that  were  matched  for  level,  the 
numbers  of  neuronal  profiles  were  counted  in  six  nonover¬ 
lapping  fields  of  the  striatum  at  X1000  [7,16].  In  each 
microscopic  field,  the  fraction  of  neurons  with  ischemic 
cytopathology  was  determined  for  each  animal.  Neurons 
were  distinguished  from  glial  cells  by  morphology.  The 
criteria  for  ischemic  cytopathology  included  eosinophilic 
cytoplasm,  cytoplasmic  vacuolization  and  nuclear 
pyknosis.  Six  values  for  each  brain  were  averaged,  and  this 
individual  number  was  used  to  determine  the  mean  value 
of  neuronal  damage  in  the  striatum  for  each  animal. 

2.3.  Immunoblotting 

Samples  (0.4-0.6  g)  were  homogenized  with  a  Brink- 
man  Polytron  homogenizer  in  cold  homogenization  buffer 
(20  mM  Tris-HCl,  pH  7.4,  10%  sucrose,  1  mM  EDTA,  5 
mM  EGTA,  20  U/ml  Trayslol,  20  pg/ml  leupeptin,  20 
pg/ml  antipain,  20  pg/ml  pepstatin,  20  pg/ml  chymos- 
tatin,  0.1  mM  phenylmethylsulfonyl  fluoride,  10  mM 
benzamidine)  and  centrifuged  at  1000  g  for  10  min  at  4  °C. 
The  supernatant  was  collected  and  centrifuged  at  114  000 
g  for  20  min  at  4  °C.  The  second  pellet  (designated  the  P2 
fraction),  the  cytoplasmic  membrane-enriched  fraction,  was 
washed  twice  with  cold  sucrose  free  homogenization 
buffer  and  centrifuged  at  1 14  000  g  for  20  min  at  4  °C.  The 
final  pellet  was  suspended  in  cold  homogenization  buffer 


containing  20%  glycerol  (rather  than  sucrose),  to  a  protein 
concentration  of  1-2  mg/ml,  as  determined  by  the  Bio- 
Rad  protein  assay  with  bovine  serum  albumin  as  the 
standard.  Samples  were  stored  at  -70  °C. 

Aliquots  of  striatal  P2  samples  containing  20  pg  total 
protein  each  were  fractionated  by  sodium  dodecyl  sulfate- 
polyacrylamide  gel  electrophoresis  (SDS-PAGE)  on  10- 
12%  gels  and  transferred  electrophoretically  to  nitrocellu¬ 
lose  membranes.  Each  experiment  was  performed  in 
quadruplate.  To  verify  uniform  protein  loading  and  transfer 
after  SDS-PAGE  and  electroblotting,  gels  were  stained 
with  Coomassie  blue  and  membranes  were  stained  briefly 
with  Ponceau  S.  Membranes  were  washed  with  50  mM 
Tris-buffered  saline  (TBS)  and  blocked  with  blocking 
buffer  (2.5%  nonfat  milk-0. 1%  Tween20  in  50  mM  TBS). 
Membranes  were  incubated  for  24  h  at  4  °C  with  affinity- 
purified  mouse  monoclonal  antibody  recognizing  NR1 
protein  (Pharmingen)  and  rabbit  affinity-purified  polyclon¬ 
al  antibodies  recognizing  NR2A  or  NR2B  (0.2  pg/ml) 
[31].  To  identify  possible  changes  in  the  phosphorylation 
status  of  NR1,  we  used  antiphosphorylated  NR1  890serine 
and  antiphosphorylated  NR1  897serine  (0.4  pg/ml)  rabbit 
polyclonal  affinity-purified  antibodies,  which  recognize 
NR1  protein  phosphorylated  at  serine  residues  890  and 
897,  respectively  [36].  The  phosphorylation  state  spe¬ 
cificity  of  the  antibodies  in  brain  extracts  was  evaluated  by 
transferring  proteins  to  nitrocellulose  membranes  and 
treating  blots  with  alkaline  phosphatase  (80  U/ml,  Boeh- 
ringer  Mannheim)  which  dephosphorylates  proteins.  Blots 
with  either  phosphorylated  proteins  or  dephosphorylated 
proteins  using  alkaline  phosphatase  were  then  incubated 
with  the  phophorylated  state  specific  antibodies  to  verify 
that  blots  with  dephosphorylated  proteins  had  attenuated 
signals. 

The  resulting  blots  were  washed  and  incubated  for  1  h  at 
room  temperature  with  either  Bio-Rad  goat  antimouse  IgG 
or  antirabbit  IgG  conjugated  to  horseradish  peroxidase  (0.2 
pg/ml  in  blocking  buffer).  Blots  were  washed  in  blocking 
buffer  and  then  TBS;  immunoreactive  proteins  were 
visualized  with  an  Amersham  enhanced  chemilumines¬ 
cence  detection  system,  and  membranes  were  exposed  to 
radiographic  film. 

NR1,  phosphorylated  NR1,  NR2A  and  NR2B  immuno- 
reactivity  levels  were  quantified  using  Macintosh  Adobe 
Photoshop  and  Signal  Analytics  ip  lab  gel  software.  Using 
this  digitizing  software,  protein  levels  were  determined  by 
the  average  integration  of  the  optical  density  and  the  area 
of  immunoreactivity  of  the  band  relative  to  the  background 
density  of  the  radiographic  film.  Protein  levels  were 
expressed  as  a  percentage  of  control  values  by  comparing 
the  immunodensity  of  the  protein  band  to  the  immuno- 
density  of  the  same  band  in  the  control  animal  lane  in  the 
same  blot.  Moreover,  NMDA  receptor  levels  were  normal¬ 
ized  to  relative  synaptophysin  immunodensity  as  a  quan¬ 
titative  protein  loading  control.  Synaptophysin  is  a  synap- 
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tic  vesicle  membrane  protein  involved  in  vesicle  fusion, 
levels  of  which  do  not  change  in  piglet  striatum  during  the 
first  24  h  after  HI  [18].  Blots  were  probed  with  monoclonal 
mouse  antibody  against  synaptophysin  (Boehringer  Mann¬ 
heim,  0.06  p-g/ml  in  blocking  buffer). 

2.4.  Immunocytochemistry 

Free-floating  striatal  sections  were  removed  from  antif¬ 
reeze  buffer,  washed  in  TBS,  pretreated  with  H202- 
methanol  and  then  sodium  borohydride,  and  blocked  in  4% 
normal  goat  serum  (NGS).  Sections  were  incubated  for  48 
h  at  4  °C  with  affinity-purified  monoclonal  antibody 
against  NR1  (10  ng/ml  diluted  in  NGS)  and  polyclonal 
rabbit  antibody  against  NR2B  (100  pg/ml  diluted  in 
NGS).  Sections  were  incubated  sequentially  with  Cappel 
goat  antirabbit  IgG  F(ab)2  fragment  (10  jxg/ml  diluted  in 
NGS),  and  then  with  affinity-purified  monoclonal  goat 
antirabbit  antibody  conjugated  to  horseradish  peroxidase 
(Stemberger  Monoclonals)  at  a  concentration  of  0.2  p,g/ml 
(diluted  in  NGS).  Sites  of  antibody  binding  were  visual¬ 
ized  with  H202  and  diaminobenzidene  (DAB).  Immuno- 
reactivity  of  the  stained  sections  was  quantified  by  image 
analysis  using  inquiry  software  (Loats,  Westminster  MD, 
USA).  Under  appropriate  conditions  such  as  primary  and 
secondary  antibody  concentrations,  concentration  of  DAB, 
and  time  in  DAB,  this  method  [2]  can  detect  immuno- 
reactivity  which  is  in  the  linear  range.  Each  brain  section 
was  digitized  and  then  analyzed  using  the  following  steps: 
the  putamen  and  caudate  were  specifically  delineated, 
excluding  the  internal  capsule,  and  the  optical  density  of 
each  portion  of  striatum  was  quantified  relative  to  the 
background  level  of  immunoreactivity  of  the  complete 
section.  This  allowed  for  the  quantification  of  the  immuno¬ 
reactivity  specifically  within  different  components  of  the 
striatum.  Immunoreactivity  was  related  to  the  amount  of 
neurons  identified  as  degenerating  in  the  putamen  of  each 
animal. 

2.5.  Data  and  statistical  analyses 

The  percent  neuronal  damage  in  the  putamen  at  3,  6,  12 
and  24  h  after  HI,  as  assessed  by  H&E  staining,  was 
compared  to  that  in  controls  with  the  Newman-Keuls  test 

[17] .  We  compared  the  immunoreactivity  of  proteins 
detected  by  the  antibodies  relative  to  the  neuronal  damage 
in  putamen  for  the  following  reasons.  Firstly,  up  to  24  h 
after  injury,  only  the  putamen  shows  signs  of  neuronal 
damage  and  the  caudate  shows  no  sign  of  neuronal  damage 

[18] .  Secondly,  we  use  the  percentage  neuronal  damage  in 
the  putamen  as  a  measure  of  injury  of  the  striatum.  This 
allows  us  to  classify  animals  according  to  their  precise 
damage  rather  than  just  by  the  time  after  injury. 

NMDA  receptor  protein  levels  expressed  as  a  percentage 
of  control  values,  quantified  by  optical  density,  were  also 


compared  among  groups  allowed  to  recover  for  3,  6,  12  or 
24  h  with  the  Wilcoxon  signed-ranks  test  (spss®  version 
9.0). 


3.  Results 

3. 1.  Detection  of  NR  1,  NR2A  and  NR2B  proteins  in 
piglet  striatum 

The  specificity  of  the  antibody  reagents  used  was 
characterized  in  swine  tissue  because  these  antibodies  were 
made  using  rat  sequences  of  NMDA  receptors  as  antigens. 
We  characterized  their  reactivity  with  piglet  striatal 
homogenates  (Fig.  1).  On  immunoblots  of  striatal  mem¬ 
brane  fractions,  a  mouse  monoclonal  antibody  against  NR1 
detected  a  single  band  at  ~116  kDa,  consistent  with  the 
size  of  NR1  in  rat  CNS  [34],  Subunit-specific  rabbit 
polyclonal  antibodies  against  the  C-terminus  of  NR2A  and 
NR2B  [31]  each  detected  an  immunoreactive  band  at  ~  172 
kDa,  consistent  with  the  size  of  NR2A  and  NR2B  in  rat 
CNS  (Fig.  1).  Antibody  binding  to  the  NR2A  and  NR2B 
receptor  proteins  on  immunoblots  of  piglet  brain  homoge¬ 
nates  was  completely  blocked  by  addition  of  the  homolo¬ 
gous  C-terminal  peptide  but  not  the  heterologous  peptide 
(Fig.  1).  These  results  confirmed  that  each  antibody  is 
subunit-specific  in  the  swine  brain,  recognizing  either 
NR1,  NR2A  or  NR2B.  Antibodies  for  NR1  or  NR2B  were 
shown  to  be  sufficiently  specific  for  immunocytochemistry 
(see  full  length  blots  in  the  upper  right  comer  of  Fig.  1 ). 

3.2.  Phosphorylated  NR1  antibody  characterization  in 
piglet  brain 

We  evaluated  two  antibodies  that  recognize  phos¬ 
phorylated  forms  of  NR1  as  possible  reagents  to  allow  us 
to  identify  changes  in  receptor  phosphorylation  after  HI. 
These  antipeptide  antibodies  were  generated  from  rat 
sequences  for  NR1  phosphorylated  at  897serine  or  890serine 
[36]  and  respectively  identify  either  PKA-phosphorylated 
serine  residue  897  or  PKC-phosphorylated  serine  residue 
890  of  the  NR1  subunit.  Immunoblots  of  piglet  striatal 
extracts  showed  that  the  antibody  recognizing  the  phos¬ 
phorylated  NR1  897serine  was  the  most  specific  and 
reliable  for  use  in  piglet  brain  homogenates.  We  exposed 
protein  blots  with  piglet  and  rat  striatal  homogenates  to 
alkaline  phosphatase  to  dephosphorylate  the  proteins  and 
verify  that  the  antibodies  specifically  recognized  phos¬ 
phorylated  NR1  proteins  and  not  NR1  in  its  dephos- 
phorylated  state.  These  control  dephosphorylation  experi¬ 
ments  with  alkaline  phosphatase  revealed  phosphorylation 
state  related  immunodetection  of  phosphorylated  NR1 
897serine  but  not  890serine  in  piglet  homogenates  (Fig.  1 ). 
In  piglet  (lanes  1,  3,  5,  7)  compared  to  rodent  (lanes  2,  4, 
6,  8),  the  proteins  visualized  by  the  antibody  recognizing 
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Fig.  I.  NR1,  NR2A,  NR2B,  phosphorylated  NR1  ‘’’serine  and  phosphorylated  NR1  *’°serine  in  piglet  and  rat  forebrain.  Reactivity  of  specific  antibodies 
against  NMDA  receptors  with  cytoplasmic  membrane-enriched  fractions  (20  jig  protein/lane)  of  noninjured  piglet  striatum  or  rat  cerebral  cortex  after 
separation  by  SDS-PAGE  is  shown.  1st  row,  specificity  of  anti-NRl  monoclonal  antibody  in  piglet  (P)  and  rat  (R)  brain.  2nd  and  3rd  rows,  cell  membrane 
fractions  were  immunoblotted  with  NR2A  or  NR2B  affinity-purified  antibodies  preadsorbed  with  the  homologous  peptide  (first  blot:  lanes  1,  2),  without 
any  peptide  (second  blot:  lanes  3,  4)  or  with  their  heterologous  peptide  (third  blot:  lanes  6,  7).  4th  and  5th  rows,  cell  membrane  tractions  from  piglet  and 
rat  were  incubated  for  4  h  without  alkaline  phosphatase  (lanes  1,  2,  5,  6)  to  visualize  the  phosphorylated  proteins  or  with  alkaline  phosphatase  (lanes  3,  4, 
7,  8)  to  dephosphotylate  the  proteins  and  verify  that  the  immunoreactivity  decreases.  Experiments  were  done  at  room  temperature  (lanes  1,  2,  3,  4)  and  at 
37  °C  (lanes  5,  6,  7,  8).  Membranes  were  probed  with  affinity-purified  anti-phospho-NR!  '"serine  or  anti-phospho-NRl  '"serine  antibodies.  In  the  upper 
right  comer,  full-length  membranes  probed  with  NR1  or  NR2B  antibodies  are  shown  to  demonstrate  the  specificity  of  the  antibodies  and  their  suitability  for 
Use  in  immunocytochcmistry.  Molecular  mass  markers  in  kDa  are  indicated  on  the  left. 


phosphorylated  897serine  migrated  consistently  over  a 
slightly  wider  range  of  protein  weight. 


3.3.  Expression  of  NMDA  receptor  subunits  in  piglet 
striatum  during  early  postnatal  maturation 

Using  the  characterized  antibodies,  we  examined  the 
expression  patterns  of  NR1,  NR2A  and  NR2B  proteins 
during  the  early  postnatal  maturation  of  the  piglet  striatum. 
This  experiment  was  done  to  identify  the  presence  of 
NMDA  receptors  in  the  striatum  in  piglets  at  the  ages  used 
to  perform  the  HI  experiments.  Immunoblots  of  striatal 
homogenates  obtained  on  the  day  of  birth  and  at  1,  2  and  4 
weeks  of  age  were  probed  with  subunit-specific  antibodies 
to  NMDA  receptors  (Fig.  2).  NR1,  NR2A  and  NR2B  are 
expressed  in  piglet  striatum  through  4  weeks  of  age. 


R  pO  pi  p2  p4 

Fig.  2.  NR1,  NR2A  and  NR2B  in  normal  (noninjured)  piglet  striatum  at 
day  0  (pO,  day  of  birth)  and  at  1-4  weeks  (pi -4)  of  age  and  in  rat  (R) 
forebrain.  Cytoplasmic  membrane-enriched  fractions  (20  p,g  protein/lane) 
immunoblotted  for  NR  I,  NR2A  and  NR2B  show  the  presence  of  NR  I, 
NR2A  and  NR2B. 
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3.4.  Neuronal  damage  in  striatum  of  piglets  after  HI 

Striatal  neuronal  damage  evolves  during  the  first  24  h 
after  HI  [18].  Degeneration  in  this  model  has  been 
described  in  detail  previously  [18];  neuronal  damage  is 
characterized  as  necrosis  based  on  morphology,  DNA 
fragmentation  patterns  and  metabolic  deficits.  Examples  of 
the  characteristic  changes  seen  by  H&E  staining  are 
shown.  The  striatum  of  sham  piglets  contains  many 
medium-sized  (~  10-20  im)  round  neurons  with  an  open 
nucleus  (Fig.  3A).  Damaged  striatal  neurons  in  piglets  after 
HI  have  a  shrunken  pink  cell  body  and  a  dark  condensed 
nucleus.  The  amounts  of  damaged  neurons  vary  in  the 
different  piglets  with  mild  to  severe  injury  (Fig.  3B-D). 

3.5.  Expression  of  NMDA  receptors  in  striatum  after  HI 

The  levels  of  NMDA  receptor  subunit  proteins  changed 
in  the  striatum  of  HI  piglets.  Alterations  in  NR1  phos¬ 
phorylation  occurred  in  the  striatum  after  HI.  Comparisons 


Fig.  3.  Striatal  neuronal  damage.  The  striatum  of  piglets  was  examined 
by  H&E  staining.  The  control  striatum  (A)  has  normal  appearing  neurons 
(arrows).  Representative  photomicrographs  of  HI  piglet  striatum  with 
neuronal  damage  (arrows  B  and  C)  that  is  mild  (B),  moderate  (C)  and 
severe  (D).  Virtually  all  of  the  medium-sized  neurons  in  the  severe  case 
(D)  are  damaged.  Scale  bars  in  A-D,  200  pm. 


were  made  between  averages  of  groups  of  animals  of  the 
same  elapsed  time  after  HI  as  well  as  among  individual 
animals  with  known  neuropathological  outcomes.  Some 
alterations  in  NMDA  receptor  levels  changed  with  the 
progression  of  neuronal  degeneration. 

3.5.1.  NR1  protein  levels 

The  levels  of  NR1  in  HI  piglet  striatum  were  measured 
by  immunoblotting  and  immunocytochemistry  using  phos¬ 
phorylation  state  independent  antibody.  On  immunoblots 
of  cytoplasmic  membrane  fractions  of  total  striatum,  NR1 
levels  did  not  change  significantly  at  3-24  h  recovery  after 
HI  compared  to  controls  (Fig.  4).  NR1  levels  were 
examined  in  relation  to  evolving  neuronal  cell  injury  in  the 
putamen.  NR1  levels  were  lower  than  control  at  the  early 
stages  after  HI,  when  few  neurons  were  damaged,  but 
levels  increased  as  the  number  of  damaged  neurons 
increased  (Fig.  4).  The  highest  levels  of  NR1  protein 
correlated  with  the  highest  number  of  damaged  neurons. 

By  immunocytochemical  staining,  NR1  levels  were 
measured  in  the  striatum  of  control  and  HI  piglets  (Fig.  5). 
Because  the  anatomical  resolution  permitted  the  individual 
analysis  of  the  different  striatal  portions,  levels  of  NR1 
were  measured  separately  in  the  putamen  and  caudate  (Fig. 
6A).  In  controls,  the  putamen  and  caudate  expressed 
similar  amounts  of  NR1  (Fig.  6A);  however,  these  regions 
responded  differently  to  HI.  NR1  levels  in  caudate  in¬ 
creased  transiently  at  6  h  (Figs.  5B  and  6A)  and  then 
returned  to  control  levels  by  12  h  (Figs.  5C  and  6A)  and 
remained  at  control  levels  at  24  h  (Figs.  5D  and  6A).  In  the 
putamen,  NR1  levels  were  increased  at  24  h  but  not 
significantly  at  earlier  times  (Figs.  5A-D  and  6A).  This 
trend  followed  the  counts  of  damaged  neurons  in  the 
putamen  (Fig.  6B). 

Because  of  an  apparent  trend  between  NR1  levels  and 
accumulating  neuronal  injury  and  the  apparent  lack  of  a 
simple  linear  relationship  with  time  after  injury,  the  levels 
of  the  phosphoryiated  form  of  NR1  subunit  were  measured 
by  immunoblotting  in  order  to  indirectly  examine  NR1 
receptor  activation  after  HI.  We  analyzed  the  composite 
band  at  120  kDa  as  the  phosphoryiated  NR1  receptor. 
Piglet  cytoplasmic  membrane  fractions  of  total  striatum 
were  probed  with  antibody  recognizing  phosphoryiated 
NR1  S97serine  (Fig.  7).  The  number  of  injured  neurons  in 
the  putamen  correlated  with  an  increase  in  phosphoryiated 
NR1  levels,  suggesting  an  association  between  evolving 
neuronal  damage  and  NR1  activation.  The  increased 
phosphoryiated  NR1  was  not  associated  with  the  amount 
of  time  elapsed  after  the  insult  but  rather  with  the  specific 
amount  of  neuronal  damage  in  the  putamen  (Fig.  7). 

3.5.2.  NR2B  and  NR2A  protein  levels 

To  identify  whether  changes  in  NMDA  receptors  are 
subunit  specific,  selected  NR2  subunits  were  measured. 
The  levels  of  NR2  in  HI  piglet  striatum  were  measured  by 
immunoblotting  and  immunocytochemistry.  On  immuno- 
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Time  after  HI  (hours) 
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Fig.  4.  NRI  immunoreactivity  in  striatum  of  control  and  HI  piglets. 
Cytoplasmic  membrane-enriched  fractions  (20  p.g  protein/lane)  of 
striatum  from  control  and  HI  piglet  brains,  collected  at  3,  6,  12  or  24  h 
after  HI,  were  evaluated  by  Western  blot  analysis.  The  histogram  shows 
densitometric  quantification  of  immunoreactive  protein  levels  detected  in 
control  and  in  HI  animals  in  relation  to  time  after  injury.  A  representative 
blot  shows  NRI  protein  and  respective  p38  loading  control.  The  dot  plot 
shows  the  immunoreactivity  in  cytoplasmic  membranes  determined  by 
Western  blot  analysis  after  HI  in  relation  to  percent  (%)  neuronal  damage 
in  the  putamen.  Percent  neuronal  damage  corresponds  to  the  percentage 
degenerating  neurons  in  each  putamen  of  these  animals  analyzed  by 
profile  counting  (see  Methods).  Neuronal  damage  was  defined  as  the 
fraction  of  neurons  with  ischemic  cytopathology  relative  to  the  total 
number  of  neurons  in  microscopic  fields  in  the  putamen.  Each  animal  is 
plotted  according  to  the  time  after  HI  when  the  sample  was  harvested  (■, 
3  h;  A,  6  h;  ♦,  12  h;  •,  24  h).  The  simple  linear  regression  model 
obtained  with  NRI  immunoreactivity  (dependent  variable)  relative  per¬ 
centage  neuronal  damage  is  described  by  the  following  equation:  y  = 
70.3  +0.49*,  rl= 0.7.  Immunoreactivity  values  are  expressed  as  the 
percent  of  control  optical  densityiS.E.M. 


blots  of  cytoplasmic  membrane  fractions  of  total  piglet 
striatum,  NR2B  levels  did  not  change  appreciably  at  3,  6 
and  12  h  recovery  after  HI  compared  to  controls  (Fig.  8). 
However,  at  24  h  after  HI,  NR2B  levels  were  elevated 
significantly  (29%)  above  control  (Fig.  8).  The  levels  of 
NR2B  were  not  related  to  the  number  of  damaged  putami- 
nal  neurons  (Fig.  8).  NR2  A  levels  in  striatum  of  HI  piglets 
were  not  different  from  control  during  the  3-24  h  evalua¬ 
tion  period  (Fig.  9). 

NR2B  immunoreactivity  in  the  putamen  and  caudate  of 
control  and  HI  piglets  was  measured  by  immuno- 
cytochemical  staining  (Fig.  10).  The  immunocytochemical 
analysis  of  NR2B  confirmed  the  immunoblot  results. 
NR2B  was  increased  in  the  putamen  at  24  h  after  HI  (Figs. 
10D  and  11  A).  NR2B  immunoreactivity  in  the  caudate  did 
not  change  after  HI.  No  linear  relationship  was  identified 
using  our  methods  relating  the  gradual  increase  in  neuronal 
damage  and  NR2B  immunoreactivity  in  the  putamen  (Fig. 
1  IB).  NR2B  immunoreactivity  was  prominently  elevated 
in  the  putamen  at  a  time  when  the  putamen  was  severely 
damaged  (Fig.  10D  and  11  A).  Because  this  increase  in 
NR2B  did  not  follow  linearly  the  evolution  of  neuronal 
damage  (Fig.  1  IB),  we  explored  its  expression  in  non¬ 
neuronal  cells.  Double-label  immunocytochemistiy  for 
NR2B  and  the  astroglial  protein  GFAP  showed  that 
astroglia  express  NR2B  in  striatum  after  HI  (Fig.  12). 


4.  Discussion 

Our  study  supports  the  theory  that  excitotoxicity  me¬ 
diated  by  NMDA  receptors  plays  a  role  in  brain  damage 
after  HI.  In  particular,  NMDA  receptor  activation  appears 
to  be  involved  in  the  death  of  striatal  neurons  in  the 
newborn  brain  after  cardiac  arrest.  Using  a  piglet  model, 
we  found  that  NMDA  receptor  subtype  expression  and 
phosphorylation  are  modified  after  HI  according  to  the 
severity  of  the  neuronal  injury. 

NMDA  proteins  in  normal  developing  piglet  striatum 
were  examined  by  immunoblotting.  NRI,  NR2A  and 
NR2B  are  present  in  piglet  striatum  up  to  4  weeks  of  age. 
NMDA  receptor  protein  expression  patterns  in  immature 
pig  striatum  are  different  from  those  found  in  rat  striatum 
(using  the  same  NR2A  and  NR2B  antibodies)  during 
postnatal  development  [31].  In  developing  rat,  NR2A  is 
undetectable  until  the  third  and  fourth  week  while  NR2B  is 
present  at  birth  and  is  maintained  in  adult  rodents.  These 
observations  emphasize  at  least  two  important  issues  that 
have  bearing  on  deciphering  the  roles  of  NMDA  receptors 
in  the  developing  brain:  observations  in  the  developing  rat 
are  likely  to  differ  from  experiments  performed  using 
piglet  models,  and  animals  of  similar  age  should  be  used. 
This  former  issue  regarding  species  differences  may 
contribute  to  the  different  neuropathological  outcomes 
found  in  the  striatum  of  rat  pups  and  piglets  after  HI 
[16,18,25,27]. 
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Fig.  5.  NRI  immunolocalization  in  putamen  and  caudate  after  HI.  Brain  sections  stained  by  immunocytochemistry  are  shown  (A-D).  NRI 
immunoreactivity  within  the  putamen  and  caudate  at  low  magnification  (A-D)  and  in  the  putamen  at  higher  magnification  (a-d).  Scale  bars:  A-D,  50  p,m; 
a-d,  25  p.m.  Brain  section  from  control  animal  (A,  a)  shows  uniform  NRI  labeling.  After  HI,  NRI  labeling  decreased  slightly  in  the  putamen  at  6  h  (B,  b) 
and  then  returned  to  baseline  levels  at  12  h  (C,  c)  and  24  h  (D,  d).  NRI  immunoreactivity  in  the  caudate  increased  slightly  at  6  h  after  HI.  Abbreviations:  p, 
putamen;  c,  caudate;  ic,  internal  capsule. 
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Fig.  6.  Quantification  of  NR  I  immunoreactivity  in  putamen  and  caudate 
by  immunocytochemistry  using  densitometry.  (A)  The  histogram  shows 
the  optical  density  of  NRI  immunoreactivity  (mean±S.E.M.)  as  a 
percentage  of  optical  density  in  control  animals.  (B)  The  dot  plot  shows 
the  relationship  of  NRI  immunoreactivity  relative  to  the  percentage 
neuronal  damage  in  the  putamen  after  HI.  Immunoreactivity  was  quan¬ 
tified  by  optical  density  and  stated  as  percentage  of  optical  density  in 
control  animals.  The  percentage  neuronal  damage  corresponds  to  the 
percentage  degenerating  neurons  in  the  putamen  of  each  piglet  plotted 
individually  according  to  the  time  after  HI  when  the  sample  was 
harvested:  (A,  6  h;  ♦,  12  h;  •,  24  h).  The  single  linear  regression  model 
with  NRI  protein  immunoreactivity  (dependent  variable)  relative  to  the 
percentage  neuronal  damage  is  described  by  the  following  equation: 
y  =  86.5  +  0.55x,  r’=0.54. 


High  levels  of  NMDA  receptors  which  are  important  for 
brain  development,  may  predispose  the  immature  brain  to 
NMDA  receptor-mediated  excitotoxic  injury  [20],  We 
hypothesized  that  the  mechanisms  for  the  profound  de¬ 
generation  of  striatal  neurons  after  HI  may  involve  NMDA 
receptor-mediated  excitotoxicity  [15,18].  Therefore  in  our 
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Fig.  7.  Phosphorylated  NRI  ’’’serine  immunoreactivity  in  striatum  of 
control  and  HI  piglets.  Cytoplasmic  membrane-enriched  fractions  (20  p.g 
protein /lane)  of  striatum  from  control  and  HI  piglet  brains,  collected  at  3, 
6,  12  or  24  h  after  HI,  were  evaluated  by  Western  blot  analysis.  A 
representative  blot  shows  phosphorylated  NRI  ’’’serine  and  respective 
p38  loading  control.  The  dot  plot  shows  the  immunoreactivity  in 
cytoplasmic  membranes  determined  by  Western  blot  analysis  after  HI  in 
relation  to  percent  (%)  neuronal  damage  in  the  putamen.  Percent  neuronal 
damage  corresponds  to  the  percentage  degenerating  neurons  in  the 
putamen  of  each  animal  that  was  analyzed  by  profile  counting  (see 
Methods).  Neuronal  damage  was  defined  as  the  fraction  of  neurons  with 
ischemic  cytopathology  relative  to  the  total  number  of  neurons  in 
microscopic  fields  in  the  putamen.  Each  animal  is  plotted  according  to  the 
time  after  HI  when  the  sample  was  harvested:  (■,  3  h;  A,  6  h;  ♦,  12  h; 
•,  24  h),  The  simple  or  multiple  linear  regression  models  obtained  with 
the  phosphorylated  NRI  ’’’serine  immunoreactivity  (dependent  variable) 
relative  percentage  neuronal  damage  are  described  by  the  following 
equations:  y  =  70  +  0.58x,  r3  =  0.32  or  y  =  1 19.6  +  2.78*  +  0.025(100  - 
xf.  The  histogram  shows  densitometric  quantification  of  the  immuno- 
reactive  protein  levels  detected  in  control  and  in  HI  animals  in  relation  to 
severity  of  neuronal  injury  among  animals  of  comparable  injury  (10” 
25%  neuronal  damage  =  mild  injury;  40"  65%  neuronal  damage  = 
moderate  injury;  75'  100%  neuronal  damage  =  severe  injury).  See  Fig.  3 
for  histopathology.  Immunoreactivity  values  are  expressed  as  the  percent 
of  control  optical  densityiS.E.M.  The  asterisks  indicates  statistical 
significance  of  **,  P<0. 10. 
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Fig.  8.  NR2B  immunoreactivity  in  striatum  of  control  and  HI  piglets. 
Cytoplasmic  membrane-enriched  fractions  (20  p.g  protein/lane)  of 
striatum  from  control  and  HI  piglet  brains,  collected  at  3,  6,  12  or  24  h 
after  HI,  were  evaluated  by  Western  blot  analysis.  The  histogram  shows 
densitometric  quantification  of  immunoreactive  protein  levels  detected  in 
control  and  in  HI  animals  in  relation  to  time  after  injury.  A  representative 
blot  shows  NR2B  proteins  and  respective  p38  loading  control.  The  dot 
plot  shows  the  immunoreactivity  in  cytoplasmic  membranes  determined 
by  Western  blot  analysis  after  HI  in  relation  to  percent  (%)  neuronal 
damage  in  the  putamen,  Percent  neuronal  damage  corresponds  to  the 
percentage  degenerating  neurons  in  the  putamen  for  each  animal  analyzed 
by  profile  counting  (see  Methods).  Neuronal  damage  was  defined  as  the 
fraction  of  neurons  with  ischemic  cytopathology  relative  to  the  total 
number  of  neurons  in  microscopic  fields  in  the  putamen.  Each  animal  is 
plotted  according  to  the  time  after  HI  when  the  sample  was  harvested: 
(■,  3  h;  A,  6  h;  ♦,  12  h;  •,  24  h).  The  simple  regression  model  obtained 
with  the  NR2B  protein  immunoreactivity  (dependent  variable)  relative 
percentage  neuronal  damage  is  described  by  the  following  equation: 
y  =  97.7  +  0.25.r,  rJ  =  0.!6.  Immunoreactivity  values  are  expressed  as  the 
percent  of  control  optical  densityiS.E.M.  The  asterisks  indicates  statisti¬ 
cal  significance  of  *,  F<0.05. 
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Fig,  9.  NR2A  immunoreactivity  in  striatum  of  control  and  HI  piglets. 
Cytoplasmic  membrane-enriched  fractions  (20  p-g  protein/lane)  of 
striatum  from  control  and  HI  piglet  brains,  collected  at  3,  6,  12  or  24  h 
after  HI,  were  evaluated  by  Western  blot  analysis.  The  histogram  shows 
densitometric  quantification  of  immunoreactive  protein  levels  detected  in 
control  and  in  HI  animals,  in  relation  to  time  after  injury.  A  representative 
blot  shows  NR2A  proteins  and  respective  p38  loading  control.  The  dot 
plot  shows  the  immunoreactivity  in  cytoplasmic  membranes  determined 
by  Western  blot  analysis  after  HI  in  relation  to  percent  (%)  neuronal 
damage  in  the  putamen.  Percent  neuronal  damage  corresponds  to  the 
percentage  degenerating  neurons  in  the  putamen  for  each  animal  analyzed 
by  profile  counting  (see  Methods).  Neuronal  damage  was  defined  as  the 
fraction  of  neurons  with  ischemic  cytopathology  relative  to  the  total 
number  of  neurons  in  microscopic  fields  in  the  putamen.  Each  animal  is 
plotted  according  to  the  time  after  HI  when  the  sample  was  harvested: 
(■,  3  h;  A,  6  h;  ♦,  12  h;  •,  24  h).  Immunoreactivity  values  are  expressed 
as  the  percent  of  control  optical  density  ±S.E,M. 
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Fig.  II.  Quantification  of  NR2B  immunoreactivity  in  putamen  and 
caudate  by  immunocytochemistry  using  densitometry.  (A)  The  histogram 
shows  the  optical  density  of  NR2B  immunoreactivity  (mean±S,E.M.)  as  a 
percentage  of  optical  density  in  control  animals.  (B)  The  dot  plot  shows 
the  relationship  of  NR2B  immunoreactivity  relative  to  the  percentage 
neuronal  damage  in  the  putamen  after  HI.  Immunoreactivity  was  quan¬ 
tified  by  optical  density  and  stated  as  percentage  of  optical  density  in 
control  animals.  The  percentage  neuronal  damage  corresponds  to  the 
percentage  degenerating  neurons  in  the  putamen  of  each  piglet  plotted 
individually  according  to  the  time  after  HI  when  the  sample  was 
harvested:  (A,  6  h;  ♦,  12  h;  •,  24  h).  The  single  linear  regression  model 
with  NR2B  protein  immunoreactivity  (dependent  variable)  relative  to 
percentage  neuronal  damage  is  described  by  the  following  equation: 
y  =  106.46  +  0.52x,  r2=0.40.  The  asterisks  indicates  statistical  signifi¬ 
cance  of  *,  P< 0.05. 


newborn  piglet  model  of  cardiac  arrest,  we  examined  the 
protein  levels  and  phosphorylation  status  of  NMDA  re¬ 
ceptors  after  HI.  Our  data  indicate  that  NMDA  receptor 
subtypes  are  changed  in  relation  to  the  degree  of  neuronal 
damage  after  HI.  More  specifically,  elevated  NR1  protein 
levels  in  the  striatum  of  HI  animals  correlated  with  the 
severity  of  neuronal  damage,  as  indicated  by  the  number  of 
actively  degenerating  neurons  identified  neuropathological- 
ly  in  brain  sections.  NR1  levels  are  lower  than  baseline 
when  few  neurons  are  damaged,  but  levels  increase  when 
the  number  of  damaged  neurons  increases.  The  highest 
levels  of  NR1  protein  are  found  with  the  highest  number  of 
neurons  showing  injury.  Because  of  this  apparent  trend 
between  NR1  levels  and  accumulating  neuronal  injury,  the 
levels  of  a  phosphorylated  form  of  NR1  were  measured  as 
a  marker  of  NR1  activation  after  HI.  As  neuronal  injury 
emerges,  the  level  of  phosphorylated  NR1  increases,  as 
detected  by  an  antibody  recognizing  phosphorylated  NR1 
at  897serine.  The  antibody  used  allows  us  to  recognize  NR1 
receptors  containing  the  Cl  terminal  domain  [36].  NR1 
splice  variants  without  the  Cl  cassette  would  not  be 
recognized.  The  increased  phosphorylated  NR1  is  not 
clearly  associated  with  the  amount  of  elapsed  time  after 
HI,  but  rather  with  the  specific  amount  of  neuronal  damage 
in  the  putamen.  These  observations  are  novel  and  extend 
the  excitotoxicity  theory  of  HI  brain  damage  by  showing 
that  the  degree  of  injury  is  associated  with  the  phosphoryl¬ 
ation  of  NR1  subunit  by  PKA  on  serine  residue  897  which 
could  further  modify  selective  regional  vulnerability  to  HI. 
These  results  suggest  that  the  phosphorylation  of  NR1  via 
PKA  may  be  increased  with  incremental  severity  of  injury 
and  that  activation  of  NMDA  receptors  may  play  a  role  in 
the  excitotoxic  death  of  striatal  neurons. 

Physiological  stimulation  of  PKA  activity  shifts  the 
phosphorylation-dephosphorylation  equilibrium  to  the 
phosphorylation  of  the  NMDA  receptor,  and  PKA  antagon¬ 
izes  the  effect  of  calcineurin  to  decrease  channel  activity  in 
rat  hippocampal  neurons  [33],  The  importance  of  PKA  in 
increased  NMDA  receptor  activation  has  been  examined  in 
a  variety  of  neuronal  models.  In  primary  striatal  cultures 
[13],  forskolin,  a  PKA  activator  via  cAMP  stimulation, 
causes  the  phosphorylation  of  NR1  897serine  in  a  PKA 
dependent  manner;  this  forskolin-mediated  phosphoryla¬ 
tion  of  the  NR1  subunit  is  blocked  by  a  PKA  inhibitor  and 
is  not  affected  by  the  Ca2+ /calmodulin  kinase  antagonist. 
These  works,  along  with  others  [41],  suggest  that  in 
neurons  subjected  to  various  levels  of  stimulation  the 
balance  of  phosphorylation-dephosphorylation  may  be 
altered  via  preferential  activation  of  protein  kinases,  there¬ 
by  modulating  striatal  neuronal  signaling.  Unfortunately, 
we  were  not  able  to  examine  PKC  phosphorylation  of  NR1 
in  these  striatal  extracts,  but  we  are  planning  to  explore 
alternative  methods  to  use  the  specific  antibodies  to  PKC 
phosphorylated  NR1  in  striatum  of  HI  piglet. 

With  regard  to  striatal  neurodegeneration  after  HI  in 
newborns,  it  is  interesting  that  in  addition  to  increased 
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Fig.  12.  NR2B  is  localized  in  astrocytes  in  severely  damaged  putamen  after  HI.  Double-labeling  for  NR2B  (orange/brown  staining)  and  GFAP  (dark  green 
stain)  immunoreactivities  in  HI  piglet  striatum  viewed  by  light  microscopy  at  50  X  (A)  and  400  X  (B-D).  GFAP  immunoreactivity  is  found  copiously 
throughout  the  neuropil.  (A  and  B)  Astrocytes  express  NR2B  after  HI  (solid  arrows),  some  of  which  are  swollen  (open  arrow).  (C)  Perivascular  astrocytes 
express  NR2B  (arrows).  (D)  Subsets  of  astrocytes  (solid  arrow)  do  not  express  NR2B. 


phosphorylation  of  NR1,  suggesting  potentiated  or  in¬ 
creased  receptor  activation,  we  have  found  evidence  for 
impaired  function  of  striatal  Na,K-ATPase  early  after  HI 
[7].  Furthermore,  a  downstream  consequence  of  NMDA 
receptor  activation  is  enhanced  NOS  activity  leading  to 
NO  production.  In  our  HI  piglet  model,  we  have  previous¬ 
ly  shown  evidence  for  NO  toxicity  in  striatal  neurons 
through  the  production  of  peroxynitrite  [18].  Moreover,  the 
degree  of  NMDA  receptor  activation  in  striatal  neurons 
after  HI  may  be  a  driving  mechanism  for  the  recently 
proposed  neuronal  cell  death  continuum  [14,15,32],  In  this 
continuum  excitotoxic  and  ischemic  neuronal  death  can 


emerge  as  necrosis,  apoptosis  and  hybrids  with  overlap¬ 
ping  apoptotic  and  necrotic  features.  The  intensity  of  the 
activation  of  NMDA  receptors  and  downstream  signaling 
pathways  could  influence  the  mode  of  cell  death  after  HI, 
as  has  been  described  in  in  vitro  models  of  neurotoxicity 
[3].  Thus,  the  developmental  expression  patterns  of  NMDA 
receptors  and  different  activation  patterns  may  have  roles 
in  the  different  contributions  of  neuronal  apoptosis  found 
in  models  of  newborn  HI  in  rodent  and  swine  [19,27]. 

To  identify  whether  changes  in  NMDA  receptors  are 
subunit  specific,  selected  NR2  subunits  were  measured. 
NR2B  levels  do  not  change  significantly  at  3,  6,  and  12  h 
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recovery  after  HI  compared  to  controls,  but  NR2B  levels 
are  elevated  significantly  above  control  at  24  h  after  HI. 
The  levels  of  NR2B  do  not  relate  to  the  number  of 
damaged  putaminal  neurons,  but  the  increase  is  associated 
with  augmented  astroglial  expression  evolving  in  parallel 
with  the  neuronal  damage.  Astrocyte  expression  of  NR2B 
has  been  described  in  a  rodent  model  of  ischemic  brain 
injury,  weeks  after  the  insult  [8].  The  significance  of  this 
finding  is  still  unclear.  NR2A  levels  in  striatum  of  HI 
piglets  are  not  different  from  control  during  the  3-24  h 
evaluation  period. 

We  conclude  that  NMDA  receptor  subunits  are  changed 
in  the  striatum  after  neonatal  HI  and  we  suggest  that 
abnormal  NMDA  receptor  potentiation  through  increased 
NR1  phosphorylation  participates  in  the  mechanisms  of 
striatal  neuron  degeneration  after  HI.  Our  findings  con¬ 
cerning  the  role  of  NMDA  receptors  in  ischemic  neuronal 
death  add  to  the  existing  knowledge  on  the  importance  of 
the  NMDA  receptor  as  a  major  modulator  of  neuronal 
injury  in  HI.  Evidence  of  the  activation  of  NMDA  re¬ 
ceptors  in  a  relevant  in  vivo  model  reinforces  their 
participation  in  the  HI  pathway  to  neuronal  death.  Our  data 
suggest  that  NR1  phosphorylation  increases  concurrently 
with  increasing  neuronal  damage  in  the  striatum  of  piglets 
after  HI.  This  is  a  first  step  in  the  functional  assessment  of 
these  receptors  in  an  in  vivo  model  of  HI. 

We  speculate  that  the  severity  of  the  HI  insult,  and  not 
just  time  after  injury,  may  be  important  in  the  determi¬ 
nation  of  which  neuronal  death  pathway  becomes  activated 
or  primarily  involved  in  the  cell’s  response  to  the  insult. 
This  concept  may  be  important  to  consider  when  inves¬ 
tigating  novel  neuroprotective  agents  after  HI. 
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Abstract 

We  studied  neuronal  cell  body,  axonal,  and  terminal 
degeneration  in  brains  from  7-day-old  rat  pups  recov¬ 
ered  for  0,  1.5,  3,  6,  24,  48,  72  h,  and  6  days  following 
hypoxia-ischemia  and  identified  proteins  involved  in  the 
delayed  neurodegeneration  in  the  thalamus.  We  found 
that  injury  is  biphasic  with  initial  necrosis  in  the  ipsilater- 
al  forebrain  by  3  h  following  hypoxia-ischemia,  in  con¬ 
trast  to  more  delayed  and  apoptotic-like  injury  in  the  ven¬ 
tral-basal  thalamus,  brainstem,  and  other  remote  non¬ 
forebrain  regions.  Prior  to  the  appearance  of  large  num¬ 
bers  of  apoptotic  profiles  in  the  ventral-basal  thalamus, 
expression  of  Fas  death  receptor  protein,  activated  forms 
of  caspase  8  and  caspase  3,  and  pro-apoptotic  Bcl-2  pro¬ 
teins  are  increased.  This  manuscript  combines  our  data 
on  hypoxic-ischemic  injury  in  the  developing  brain  and 
presents  evidence  for  at  least  two  forms  of  neurodegen¬ 
eration,  namely,  acute  necrosis  in  the  forebrain  and 
delayed  neurodegeneration  in  the  thalamus,  which  is 
death-receptor-mediated  programmed  cell  death. 
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Introduction 

It  is  now  understood  that  acute  perinatal  brain  injury  is 
a  relatively  rare  cause  of  cerebral  palsy  [1],  however,  the 
neurologic  handicaps  caused  by  perinatal  anoxia  due  to 
asphyxia  and  lack  of  cerebral  blood  flow  are  severe  and 
lifelong  [2].  Mechanisms  for  hypoxic-ischemic  brain  inju¬ 
ry  include  energy  failure,  free  radical  damage,  cytokine 
and  excitotoxicity  and  caspase-mediated  cell  death  [3-9]. 
These  mechanisms  have  been  primarily  investigated  in 
the  rapidly  and  severely  injured  forebrain  regions.  Degen¬ 
eration  of  neurons  in  regions  other  than  the  forebrain  (i.e. 
diencephalon)  after  hypoxia-ischemia  is  studied  much 
less  frequently  in  newborn  asphyxia  models.  The  somato¬ 
sensory  thalamus  is  injured  in  human  newborns  after  hyp¬ 
oxia-ischemia  [10, 1 1],  and  this  damage  may  contribute  to 
sensory-motor  deficits  common  in  infants  with  neonatal 
brain  injury  and  cerebral  palsy.  Neuropathologic  studies 
of  animal  models  have  revealed  injury  to  the  developing 
diencephalon,  substantia  nigra  and  brainstem  following 
hypoxia-ischemia  in  neonatal  rats  [12-15]  and  piglets  [16, 
17],  However,  the  timing,  structure  and  mechanisms 
responsible  for  neurodegeneration  in  non-forebrain  re¬ 
gions  after  neonatal  hypoxia-ischemia  have  only  recently 
begun  to  be  understood  [14,  15, 18]. 
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We  report  here  our  combined  recent  findings  [15,  18] 
that  support  the  hypothesis  that  remote  neurodegenera¬ 
tion  segregates  from  initial  forebrain  injury  as  different 
forms  of  neuronal  cell  death,  with  patterns  of  distribution 
that  suggest  a  role  for  neuronal  connectivity  in  hypoxic- 
ischemic  neurodegeneration  in  the  immature  brain  and 
involve  activation  of  proteins  known  to  participate  in  pro¬ 
grammed  cell  death. 


Methods 

The  Rice-Vannucci  [19]  neonatal  adaptation  of  the  Levine  proce¬ 
dure  [20]  was  used  to  cause  hypoxic-ischemic  brain  injury  in  7-day- 
old  (p7)  rats.  The  animals  were  killed  with  an  overdose  of  pentobar¬ 
bital  0,  1.5,  3,  6,  24,  48  and  72  h  and  6  days  following  the  end  of 
hypoxia.  All  animal  studies  received  prior  approval  from  the  Animal 
Care  and  Use  Committee  of  the  Johns  Hopkins  University  School  of 
Medicine  and  were  performed  in  accordance  with  the  NIH  Guide  for 
the  Care  and  Use  of  Laboratory  Animals,  US  Department  of  Health 
and  Human  Services  85-23, 1985.  The  brains  were  retrieved  for  his¬ 
tological  and  histochemical  analysis,  and  for  immunblotting.  A  mini¬ 
mum  of  6  animals/time  point  were  used  for  immunohistochemical 
analysis,  and  a  minimum  of  4  pooled  samples  (n  =  8  animals)/time 
point  were  used  for  immunblotting  experiments. 

Silver  staining  [21]  (FD  Neuro  Silver  Kit;  FD  Neurotechnologies, 
Baltimore,  Md.,  USA)  and  cresyl  violet  staining  were  used  for  the 
identification  of  injured  brain  regions  in  histological  preparations. 
Sections  were  digitized  using  an  image  analysis  system  and  LA  Inqui¬ 
ry  Software  (Loats,  Westminster,  Md.,  USA).  Optical  density  (OD) 
measurements  were  obtained  from  outlined  areas  of  interest  in  the 
parasagittal  cortex  at  each  of  three  coronal  levels  and  from  the  ven¬ 
tral-basal  thalamus  in  the  most  posterior  section.  The  measurements 
for  the  cortex  were  averaged  to  give  one  value/region/animal.  OD 
measurements  were  corrected  for  background  staining  by  subtracting 
the  OD  in  a  contralateral  structure  with  equal  neuronal  density  but 
without  evidence  of  injury. 

Electron  microscopy  was  used  to  confirm  the  apoptotic  morphol¬ 
ogy  [17,  22].  Retrograde  labeling  with  fluorogold  was  used  to  identify 
thalamic  neurons  with  cortical  connections.  The  cytochrome  oxidase 
histochemical  method  of  Wong-Riley  [23,  24]  was  used  to  identify 
levels  of  oxidative  metabolism  and  intracellular  distribution  of  oxi¬ 
datively  active  mitochondria  in  thalamic  neurons  following  hypoxia- 
ischemia. 

Immunoblotting  [25]  was  used  to  identify  changes  in  the  expres¬ 
sion  of  proteins  involved  in  programmed  cell  death.  150-200  mg 
pooled  thalamic  samples  (n  =  2/pooled  sample)  were  homogenized  in 
cold  20  rn M Tris  HC1  (pH  7.4)  containing  (10%  w/v)  sucrose,  and  a 
cocktail  of  protease  inhibitors  including  20  |il/ml  aprotinin  (Trasy- 
lol),  20  pg/ml  leupeptin,  20  pg/ml  antipain,  20  pg/ml  pepstatin  A, 
20  pg/ml  chymostatin,  0.1  m M  phenylmethylsulfonyl  fluoride, 
10  mM  benzamidine,  1  mA/EDTA,  and  5  mM  EGTA.  Homogenates 
were  centrifuged  at  1 ,000  g  for  20  min,  and  the  resulting  supernatant 
(S2  soluble  protein  fraction)  collected.  The  pellet  (P2  mitochondrial- 
enriched,  membrane  fraction)  was  washed  in  homogenization  buffer 
(without  sucrose)  3  times  by  resuspension  and  centrifugation  at 
1 14,000  g  for  20  min  and  then  resuspended  fully  in  homogenization 
buffer  supplemented  with  20%  (w/v)  glycerol.  This  subcellular  frac¬ 


Cell  Death  after  Neonatal 
Hypoxia-Ischemia 


tionation  protocol  has  been  verified  to  be  enriched  in  mitochondria, 
but  also  contains  other  organelle  constituents  (i.e.  endoplasmic  retic¬ 
ulum  and  Golgi  apparatus)  [26].  Protein  concentrations  were  mea¬ 
sured  by  a  Bio-Rad  protein  assay  with  bovine  serum  albumin  as  a 
standard. 

Samples  of  membrane  or  soluble  proteins  were  subjected  to  SDS- 
PAGE  and  electroeluted  onto  nitrocellulose  membranes.  After  pri¬ 
mary  incubation,  blots  were  washed,  incubated  with  peroxidase-con¬ 
jugated  secondary  antibodies  (0.2  pg/ml)  and  developed  with  en¬ 
hanced  chemiluminescence.  To  quantify  cell  death  protein  immuno- 
reactivity,  films  were  scanned  using  Adobe  Photoshop  and  OD  per¬ 
formed  with  IP  Lab  Gel  H  software.  The  OD  of  the  corresponding 
lanes  in  Comassie-stained  gels  or  Ponceau-stained  blots  was  used  to 
correct  the  OD  of  the  cell  death  protein  immunoreactivity  for  differ¬ 
ences  in  protein  loading.  Protein  levels  are  thus  expressed  as  relative 
OD  measurements  compared  to  control  lanes  in  the  same  blot. 

Antibodies  used  to  determine  the  involvement  of  death  receptors, 
mitochondrial-apoptosis-related  proteins  and  caspase  cleavage  in 
thalamic  neurodegeneration  following  neonatal  hypoxia-ischemia  in¬ 
cluded:  anti-Fas  death  receptor  antibody,  anti-caspase  8  antibody, 
anti-Bel  2  antibody  (Santa  Cruz  Biotechnology,  Santa  Cruz,  Calif., 
USA),  anti-Bax  (Upstate  Biotechnolgoy,  Lake  Placid,  N.Y.,  USA) 
and  cleaved  caspase  3  antibody  (Cell  Signaling  Technology,  Beverly, 
Mass.,  USA)  Jurkat  cells  known  to  express  high  levels  of  the  Fas 
death  receptor  protein,  and  other  constituents  of  programmed  cell 
death  cascades  were  used  as  a  positive  control. 

Retrograde  Tracing.  As  described  previously,  10  nl  of  the  fluores¬ 
cent  retrograde  tracer,  Fluorogold  (Fluorochrome,  Englewood,  Colo., 
USA),  were  injected  into  the  superficial  parietal,  occipital  cortex. 
The  scalp  was  sutured  and  the  pups  returned  to  the  dam  until  p7.  To 
demonstrate  the  presence  of  cell  death  within  regions  with  connec¬ 
tions  to  the  ipsilateral  cortex,  rat  pups  (n  =  6)  injected  with  fluorogold 
on  p4  were  exposed  to  hypoxia-ischemia  as  described  above  and  per¬ 
fused  48  h  after  hypoxia  for  combined  fluorogold  immunocytochem- 
istry  (anti-fluorogold  antibody;  Chemicon,  Temecula,  Calif.,  USA) 
and  cresyl  violet  staining. 


Results  and  Discussion 

Regional  Differences  in  Timing  and  Structure  of  Neu¬ 
rodegeneration  following  Neonatal  Hypoxia-Ischemia.  As 
reported  by  others  [27]  necrotic  neurons  are  found  within 
the  ipsilateral  cortex  immediately  following  neonatal  hyp¬ 
oxia-ischemia  (fig.  1C).  Using  silver  staining,  neurodegen¬ 
eration  is  evident  within  3  h  in  the  cortex  following  hyp¬ 
oxia-ischemia  (fig.  1A).  This  early  and  rapid  neurodegen¬ 
eration  in  the  forebrain  contrasts  with  the  ipsilateral  thal¬ 
amus  where  neurodegeneration  is  evident  at  24  h  follow¬ 
ing  neonatal  hypoxia-ischemia,  a  time  at  which  many  tha¬ 
lamic  neurons  show  the  light-microscopic  features  of 
apoptosis  (fig.  ID).  Densitometric  analyses  of  the  progres¬ 
sion  of  injury  as  measured  by  increased  silver  deposition 
are  shown  in  figure  1A,  B  and  most  prominent  structures 
of  cell  death  are  shown  in  figure  1C,  D. 
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Fig.  1  .  Onset  and  structure  of  neurodegeneration  following  neonatal  hypoxia-ischemia  differ  in  the  cortex  and  ven¬ 
tral-basal  thalamus  (VBT).  Increased  silver  deposition  on  injured  neuronal  elements  as  measured  by  an  increased  OD 
is  evident  in  the  cortex  by  3  h  after  hypoxia-ischemia  (A)  but  not  until  24  h  in  the  ipsilateral  ventral  basal  thalamus 
(B).  A  further  increase  in  the  amount  of  injury  also  occurs  more  rapidly  in  the  cortex,  at  48  h,  compared  to  the 
thalamus,  6  days.  Densitometric  analysis  of  silver  deposition  in  injured  structures  is  presented  (A,  B).  Photomicro¬ 
graphs  demonstrating  the  primary  structure  of  cell  death  in  the  region,  at  the  time  of  first  detection  of  increased  silver 
deposition  (C,  ipsilateral  cortex,  necrosis  at  3  h,  D  ipsilateral  VBT,  apoptosis  24  h  following  neonatal  hypoxia- 
ischemia).  For  densitometric  analysis,  *  p  <  0.05  vs.  control  (=  non-ligated,  non-hypoxic  littermates).  Hypoxia  = 
Non-ligated,  hypoxia-exposed  littermates,  n  =  6  at  each  time  point. 


Dying  Thalamic  Neurons  Have  Cortical  Connections. 
Using  retrograde  labeling,  it  can  be  demonstrated  that 
many  neurons  in  the  lateral  geniculate  nucleus  and  the 
ventral  tier  of  thalamic  nuclei  have  cortical  connections 
(fig.  2A,  B;  fluorogold  immunohistochemistry  in  thalamic 
neurons  following  cortical  injection  of  retrograde  tracer). 
Following  neonatal  hypoxia-ischemia,  many  thalamic 
neurons  with  cortical  connections  die  apoptotically 
(fig.  2C,  neurons  double  labeled  with  brown  immunoreac- 
tivity  for  fluorogold  and  cresyl-violet-stained  condensed 
chromatin  clumps  which  are  characteristic  of  late-stage 
apoptosis). 


From  Early  Chromatolytic  to  Late  Stages  of  Apoptosis, 
Thalamic  Neurons  Have  Increased  Cytochrome  Oxidase 
Activity.  Stages  of  apoptotic  neurodegeneration  were  clas¬ 
sified  as  our  laboratory  has  done  previously.  In  the  pre- 
apoptotic  chromatolytic  phase,  neuronal  soma  and  den¬ 
drites  shrink.  Rounded  neurons  with  scalloped  mem¬ 
branes  and  a  loss  of  Nissel  substance  are  in  the  early  stages 
of  apoptosis,  while  at  end-stage  apoptosis,  the  cell  consists 
of  two  or  three  closely  apposed,  small,  round  nuclear  frag¬ 
ments  surrounded  by  a  thin  rim  of  cytoplasm  [28].  Chro¬ 
matolytic  and  apoptotic  thalamic  neurons  also  have  in¬ 
creased  cytochrome  oxidase  activity  6-24  h  following 
hypoxia-ischemia  (fig.  2D,  double  labeling  with  brown 
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immunoreactivity  for  cytochrome  oxidase  activity  in  cre- 
syl-violet-stained  thalamic  neurons  with  distinct  large 
chromatin  clumps).  Electron  microscopy  confirms  that 
the  thalamic  neurons  found  to  have  light-microscopic  fea¬ 
tures  of  apoptosis  also  have  an  ultrastructure  consistent 
with  apoptosis  24  h  following  neonatal  hypoxia-ischemia 
(fig.  2E). 

Multiple  Biochemical  Markers  of  Apoptosis  Are  Ex¬ 
pressed  in  the  Thalamus  in  the  First  24  h  following  Neona¬ 
tal  Hypoxia-Ischemia.  As  we  have  reported  [18],  by  3  h 
following  hypoxia-ischemia,  increased  expression  of  Fas 
death  receptor  protein  occurs  in  the  membrane  fractions 
of  ipsilateral  thalamus  by  SDS-PAGE  (fig.  3A).  This  in¬ 
crease  coincides  with  caspase  8  cleavage  to  its  active  frag¬ 
ments  (fig.  3C,  expression  of  18-kD  active  fragment  of 
caspase  8).  There  is  a  concomitant  decrease  in  the  amount 
of  pro-caspase  8  (54-55  kD)  in  the  soluble  protein  frac¬ 
tion  during  the  first  24  h  following  neonatal  hypoxia-isch¬ 
emia  (not  shown).  There  is  also  a  progressive  increase  in 
the  level  of  pro-apoptosis  BAX  in  the  mitochondria- 
enriched  membrane  fraction  from  3  to  24  h  following 
injury  (fig.  3B,  solid  bars),  while  the  levels  of  the  anti¬ 
apoptosis  Bch  (fig.  3B,  open  bars)  did  not  change.  Thus, 
there  is  a  large  increase  in  the  relative  abundance  of  BAX, 
greatly  favoring  apoptosis  [29],  By  24  h,  this  cascade  of 
pro-apopotic  biochemical  events  also  includes  cleavage  of 
caspase  3  to  its  active  forms  (fig.  3D).  A  pan  caspase  3 
antibody  recognizing  the  pro-enzyme  and  its  active  forms 
and  an  antibody  specific  for  the  17-kD  cleaved  fragment 
of  caspase  3  gave  identical  results. 


Fig.  2.  Thalamic  neurons,  which  die  following  neonatal  hypoxia- 
ischemia,  have  cortical  connections  and  also  have  transiently  in¬ 
creased  cytochrome  oxidase  activity.  Cortical  injection  of  fluorogold 
results  in  retrograde  transport  to  the  thalamus  (A,  brown  immunore¬ 
activity  for  retrogradely  transported  fluorogold  in  lateral  geniculate 
and  nuclei,  LGN,  and  ventral-basal  thalamus,  VBT).  Cortical  injec¬ 
tion  specifically  labels  thalamic  neurons,  filling  the  cell  bodies  and 
processes  with  fluorogold  (brown  immunoreactivity,  B).  When  ani¬ 
mals  are  exposed  to  hypoxia-ischemia  after  injection  of  retrograde 
tracer,  apoptotic  thalamic  neurons  containing  fluorogold  are  seen 
(C,  brown  immunoreactivity  for  fluorogold  present  in  thalamic  neu¬ 
rons  with  condensed  chromatin  labeled  with  cresyl  violet).  6-24  h 
after  neonatal  hypoxia-ischemia,  thalamic  neurons  in  the  mid  to  late 
stages  of  apoptosis  have  increased  cytochrome  oxidase  activity, 
which  then  dissipates  at  the  latest  stages  of  apoptosis  (D,  brown 
immunoreactivity  for  cytochrome  oxidase  activity  in  neurons  with 
large  rounded  cresyl-violet-stained  chromatin  clumps).  When  exam¬ 
ined  by  electron  microscopy,  dying  thalamic  neurons  have  the  ultra- 
structural  features  of  apoptosis  (E). 
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Fig.  3.  Pro-apoptosis  Fas  death  receptor  protein,  activated  caspases  and  BAX  are  expressed  in  thalamus  following 
neonatal  hypoxia-ischemia.  By  3  h  after  hypoxia-ischemia  there  is  an  increased  expression  of  Fas  death  receptor 
protein  (A)  and  a  simultaneous  increase  in  the  expression  of  the  18-kD  activated  form  of  caspase  8  (C)  in  the  mem¬ 
brane  and  soluble  protein  fractions  from  the  ipsilateral  thalamus.  The  ratio  of  pro-  and  anti-apoptosis  Bclz  family 
proteins  is  altered,  favoring  the  expression  of  pro-apoptosis  BAX  (B).  These  events  significantly  precede  increased 
expression  of  the  activated  form  caspase  3,  24  h  following  neonatal  hypoxia-ischemia  (D).  Results  are  expressed  as 
percent  of  control,  compared  with  ANOVA,  *  p  <  0.05  vs.  simultaneously  run  control  tissues;  6  samples  of  ipsilateral 
thalamic  tissue  were  examined  with  each  antibody,  at  each  time  point. 


These  data  extend  previous  observations  of  neurode¬ 
generation  following  neonatal  hypoxia-ischemia  by 
(1)  using  silver  staining  to  quantify  the  difference  in  the 
time  of  onset  and  progression  injury  in  cortex  versus  thal¬ 
amus  [15],  (2)  demonstrating  significant  differences  in 
structure  of  neurodegeneration  in  cortex  versus  thalamus 
[15],  and  (3)  showing  that  expression  of  key  apoptosis-reg¬ 
ulating  proteins  is  increased,  consistent  with  delayed  pro¬ 
grammed  cell  death  in  the  thalamus  [18].  Because  thalam¬ 
ic  neurons,  which  have  cortical  connections,  die  via  apop¬ 
tosis  following  hypoxia-ischemia,  retrograde  neurodegen¬ 
eration  following  cortical  damage  may  contribute  to  the 
delayed  injury  seen  in  the  thalamus.  Additionally,  the 
transient  phase  of  increased  cytochrome  oxidase  activity 
in  concert  with  the  pro-apoptosis  alteration  of  mitochon¬ 
drial-apoptosis-regulating  proteins  further  suggest  an  im¬ 
portant  role  for  mitochondria  in  delayed  thalamic  neu¬ 


rodegeneration  [18].  These  data  have  implications  for  the 
development  of  targeted  therapies  designed  to  rescue  spe¬ 
cific  neuronal  populations  following  neonatal  hypoxia- 
ischemia. 
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Abstract 

Hypoxia-ischemia  (HI)  in  the  newborn  can  lead  to  a  variety  of  sensorimotor  abnormalities,  including  movement  and  posture  disorders. 
Striatal  neurons  undergo  necrosis  after  HI  in  piglets,  but  mechanisms  for  this  neuronal  death  are  not  understood.  We  tested  the  hypothesis 
that  Na,K-ATPase  is  defective  in  striatum  early  after  HI.  Piglets  (1  week  old)  were  subjected  to  30  min  hypoxia  (arterial  oxygen 
saturation  30%)  and  then  7  min  of  airway  occlusion  (oxygen  saturation  5%),  producing  asphyxic  cardiac  arrest.  Animals  were  resuscitated 
and  recovered  for  3,  6, 12,  and  24  h,  respectively.  Neuronal  necrosis  in  the  striatum  is  progressive  [14].  Na,K-ATPase  activity  (percent  of 
control)  was  60,  98,  51,  and  54%  at  3,  6,  12,  and  24  h  after  HI,  respectively.  Intrastriatal  differences  in  enzyme  activity  were  detected 
histochemically,  with  the  putamen  showing  greater  loss  of  Na,K-ATPase  activity  than  caudate  after  12  h  recovery.  Immunoblotting 
showed  that  the  levels  of  the  a3  isoform  (localized  exclusively  to  neurons)  were  85, 1 15, 101,  and  79%  of  sham  control  at  3,  6, 12,  and  24 
h,  respectively.  Levels  of  3,,  the  predominant  p  isoform,  were  similar  to  a3,  while  levels  of  the  a,  subunit,  the  catalytic  isoform  found  in 
neurons  and  glia,  were  182, 179,  226,  and  153%  at  the  same  recovery  times.  We  conclude  that  early  inactivation  of  Na,K>ATPase  function 
participates  in  the  pathogenesis  of  striatal  neuron  necrosis,  but  that  loss  of  enzyme  function  early  after  HI  is  not  caused  by  depletion  of 
composite  a/p  subunits.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Perinatal  hypoxic-ischemic  encephalopathy  (HIE)  con¬ 
tributes  significantly  to  mortality  in  the  newborn  period 
and  to  the  development  of  long-term  neurological  hand¬ 
icaps  in  children.  Systemic  asphyxia  resulting  from  a 
disruption  in  placental  gas  exchange  occurs  perinatally  in 
two  to  four  per  1000  full-term  infants  [29].  Approximately 
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15-20%  of  infants  who  develop  HIE  subsequently  die 
during  the  newborn  period,  with  up  to  25%  of  survivors 
exhibiting  permanent  neurological  disabilities  (such  as 
cerebral  palsy)  [28]. 

Using  an  animal  model  of  neonatal  HIE,  we  have 
discovered  that  primary  sensory  and  forebrain  motor 
structures  that  regulate  posture  and  movement  are  pref¬ 
erentially  damaged  [13],  However,  the  selective  vul¬ 
nerability  of  these  cortical  and  subcortical  sensorimotor 
structures  does  not  reflect  the  involvement  of  a  particular 
vascular  distribution.  Instead,  these  regions  exhibit  higher 
basal  levels  of  oxidative  metabolism  (identified  by  high 
concentrations  of  cytochrome  oxidase  and  sodium-potas¬ 
sium  ATPase  (Na,K-ATPase))  and  have  particular  con- 


0169-328X/01/S  -  see  front  matter  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  S0169-328X(01  )00032-8 


W.C.  Golden  et  al.  /  Molecular  Brain  Research  88  (2001)  94-102 


95 


nections  with  other  brain  regions  [12,13].  These  findings 
suggest  that  intrinsic  metabolic  status  and  connectivity 
contribute  to  brain  regional  vulnerability  after  hypoxia- 
ischemia  (HI)  in  newborns. 

Cerebral  HI  in  the  newborn  has  profound  molecular 
consequences,  including  glutamate  receptor-mediated  ab¬ 
normalities  in  intracellular  ion  and  water  flux  and  the 
generation  of  reactive  oxygen  species  (ROS)  [22,28], 
However,  the  exact  molecular  mechanisms  resulting  in 
neuronal  death  remain  unclear.  ROS  are  generated  from 
many  sources,  including  impaired  function  of  cytochrome 
oxidase  in  the  initial  stages  of  HIE,  as  well  as  through 
prostaglandin  synthesis  and  xanthine  oxidase  activity 
during  the  reperfusion  of  ischemic  regions  [28].  ROS 
cause  protein  damage  through  direct  modification,  decreas¬ 
ing  molecular  stability  and  facilitating  intracellular 
proteolysis  [4].  Cerebral  antioxidant  levels  are  lower  in 
neonates  relative  to  adults  [18,25],  thus  the  newborn  brain 
may  be  more  vulnerable  to  ROS.  Unmitigated  oxidative 
stress  can  possibly  damage  cellular  enzymes  responsible 
for  homeostasis,  leading  to  the  neurodegeneration  seen  in 
HIE. 

Na,K-ATPase  is  a  ubiquitous  cell  membrane  enzyme 
responsible  for  establishment  of  ion  gradients  necessary  for 
cell  function,  including  maintenance  of  the  resting  mem¬ 
brane  potential  of  neurons.  The  enzyme  contains  two 
major  subunits:  a  larger  a  protein  responsible  for  the 
majority  of  the  catalytic  activity,  and  a  smaller,  glycosyl¬ 
ated  [3  protein  required  for  maturation  of  the  enzyme  and 
transport  to  the  cell  surface  [10],  Multiple  a  and  p 
isoforms  have  been  identified  in  mammalian  brain  [16,20], 
likely  reflecting  both  the  heterogeneity  of  cell  subtypes  and 
the  possible  need  for  variability  in  enzyme  expression 
based  on  tissue-specific  requirements  [10]. 

Previous  experiments  have  shown  that  Na,K-ATPase 
activity  is  diminished  in  cortical  synaptosomes  isolated 
from  animals  exposed  acutely  to  hypoxia  in  a  non-survival 
model  [21].  At  present,  however,  little  is  known  regarding 
the  role  of  the  ATPase-driven  Na/K  ion  pump  in  the 
evolution  of  selective  neuronal  death  after  HI  in  newborns. 
The  striatum,  a  brain  region  which  functions  in  the 
planning  and  initiation  of  coordinated  movements  through 
integration  of  neocortical  and  thalamic  signals,  demon¬ 
strates  both  Na,K-ATPase  activity  and  particular  vul¬ 
nerability  to  degeneration  after  HIE  [11-14],  In  this  study, 
we  tested  the  hypothesis  that  abnormalities  in  Na,K-AT- 
Pase  activity  and  protein  subunit  isoform  levels  occur  in 
newborn  piglet  striatum  during  the  first  24  h  after  HI. 


2.  Materials  and  methods 

2.1.  Animal  model  of  newborn  hypoxia-ischemia 

All  animal  protocols  were  approved  by  the  Animal  Use 
and  Care  Committee  of  the  Johns  Hopkins  University 


School  of  Medicine.  One-week-old  piglets  (~2.5  kg)  were 
anesthetized  with  sodium  pentobarbital  (65  mg/kg  intra- 
peritoneally,  i.p.).  These  animals  were  subsequently  intu¬ 
bated  and  mechanically  ventilated  to  maintain  normal 
oxygenation  and  ventilation.  Under  sterile  conditions, 
femoral  incisions  were  made,  and  catheters  were  advanced 
to  the  level  of  the  thoracic  aorta  and  the  vena  cava.  The 
piglets  received  intravenous  cephalothin  for  antibiotic 
coverage,  fentanyl  (10  p-g/kg  intravenous)  for  anesthesia, 
and  pancuronium  bromide  (0.3  mg /kg  i.v.)  to  produce 
muscle  paralysis.  Maintenance  i.v.  fluids  consisting  of 
lactated  Ringer’s  solution  (10  cc/kg  per  h)  were  also 
administered.  The  animals  were  placed  on  a  warming 
blanket,  keeping  rectal  temperatures  normothermic  (38.5- 
39.5°C)  for  the  piglets.  Baseline  measurements  of  arterial 
blood  gases,  hemoglobin  concentration,  oxygen  content, 
glucose,  blood  pressure,  heart  rate,  and  temperature  were 
recorded. 

One  set  of  piglets  (n=5)  not  subjected  to  hypoxic- 
ischemic  injury  served  as  surgical  sham  controls.  The 
others  (n= 5  per  time  point  at  3,  6,  12,  and  24  h  recovery 
post  insult)  were  exposed  to  30  min  of  hypoxia  (arterial  Oz 
saturation  30%),  5  min  of  room  air  saturation  (02  satura¬ 
tion  65%)  followed  by  7  min  of  airway  occlusion  (02 
saturation  5%)  resulting  in  cardiac  arrest.  At  this  point, 
ventilation  was  initiated  with  100%  oxygen,  and  epine¬ 
phrine  was  injected  as  a  bolus  (0.1  mg/kg  i.v.),  followed 
by  continuous  infusion  (40  |xg/kg  per  min).  Sternal  chest 
compressions  were  performed  manually  at  a  rate  of  100/ 
min.  Upon  recovery  of  spontaneous  circulation,  sternal 
chest  compressions  were  terminated,  and  when  arterial 
pressure  exceeded  60  mmHg,  the  epinephrine  infusion  was 
discontinued.  To  maintain  arterial  pH  at  7.4  after  resuscita¬ 
tion,  sodium  bicarbonate  (1  mEq/kg)  was  infused.  Fen¬ 
tanyl  was  infused  (5  p-g/kg  per  h)  for  4  h.  The  animals 
were  allowed  to  awaken  (generally  between  6  and  8  h)  and 
subsequently  weaned  from  ventilatory  support.  Animals 
usually  drank  water  between  12  and  24  h  and  drank 
formula  milk  afterwards  (if  allowed  to  survive  to  that 
point). 

2.2.  Piglet  brain  preparation 

The  brains  were  prepared  as  described  [14]  and  used  for 
determination  of  Na,K-ATPase  biochemical  activity, 
Na,K-ATPase  subunit  protein  levels,  and  in  situ  Na,K- 
ATPase  histochemistry.  For  the  enzyme  activity  and 
immunoblot  analyses,  sham  control  (n= 2)  and  HI  piglets 
(n=2  at  3,  6,  12,  and  24  h)  were  anesthetized  with  sodium 
pentobarbital  and  then  perfused  briefly  with  cold  phos¬ 
phate-buffered  saline.  The  brain  was  rapidly  removed  and 
subdissected,  and  the  striatum  (caudate,  putamen,  internal 
capsule,  and  nucleus  accumbens)  was  transferred  to  cold 
homogenization  buffer  containing  20  mM  Tris-HCl  (pH 
7.4)  with  10%  (w/v)  sucrose,  1  mM  EDTA,  5  mM  EGTA, 
and  a  cocktail  of  protease  inhibitors  (20  U/ml  Trasylol,  20 
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(xg/ml  leupeptin,  20  pg/ml  antipain,  20  mg/ml  chymo- 
statin,  0.1  mM  phenylmethylsulfonyl  fluoride,  10  mM 
benzamidine).  The  tissue  was  then  homogenized  and 
centrifuged  at  lOOOXg  for  10  min  at  4°C.  The  nuclear- 
enriched  pellet  (PI)  was  frozen,  and  the  supernatant  (SI 
fraction)  then  was  centrifuged  for  20  min  at  1 14  000 Xg  at 
4°C.  The  resulting  membrane-enriched  fraction  (P2  frac¬ 
tion)  was  then  washed  with  sucrose-free  homogenization 
buffer  twice  by  resuspension,  with  subsequent  centrifuga¬ 
tion  at  1 14  OOOg.  The  final  pellet  was  resuspended  in 
homogenization  buffer  containing  20%  (w/v)  glycerol 
instead  of  sucrose  to  a  protein  concentration  of  1.5-3 
mg/ml.  Protein  concentrations  were  then  determined  by 
Bio-Rad  assay  (with  bovine  serum  albumin  as  the  stan¬ 
dard). 

To  generate  brain  sections  for  enzyme  histochemistry, 
sham  controls  (n= 3)  and  HI  piglets  at  6,  12,  or  24  h  (n= 3 
per  time  point)  were  perfused  intra-aortically  with  cold  4% 
paraformaldehyde  and  1%  glutaraldehyde  as  described 
[14].  Sufficient  numbers  of  brains  at  a  3-h  time  point  were 
not  available  for  analysis  using  enzyme  histochemistry. 
After  fixation,  the  brains  were  dissected  midsaggitally,  and 
the  striata  from  each  animal  were  sliced  coronally  through¬ 
out  the  forebrain.  From  the  left  striatum  of  each  animal, 
neurodegeneration  was  quantified  using  hematoxylin  and 
eosin  (H&E)  staining  and  in  situ  DNA  fragmentation  [14]. 
These  animals  were  also  analyzed  using  electron  micro¬ 
scopy  [14],  The  right  striatum  of  each  animal  was  ctyo- 
protected  in  phosphate-buffered  20%  glycerol  for  24  h, 
frozen  in  isopentane,  and  stored  at  -80°C.  These  samples 
were  cut  serially  at  40  pm  on  a  sliding  microtome  and 
subsequently  assayed  for  histochemical  activity. 

2.3.  Na,K-ATPase  biochemical  assay 

We  measured  using  the  method  of  Mishra  and  Delivoria- 
Papadopoulos  [17]  the  biochemical  activity  of  Na,K-AT- 
Pase  in  the  striatum  of  control  and  HI  piglets.  Cell 
membrane-enriched  homogenate  (50  pg  of  protein)  from 
each  animal  was  reacted  in  1  ml  of  buffer  containing  50 
mM  Tris-HCl  (pH  7.4),  100  mM  NaCl,  20  mM  KC1,  3 
mM  MgCl2,  and  0.2  mM  EGTA.  The  reaction  was  carried 
out  in  the  presence  and  absence  of  1.0  mM  ouabain.  KC1 
was  not  added  to  the  reaction  samples  containing  ouabain. 
The  reaction  was  carried  out  in  the  presence  of  3  mM  ATP 
for  5  min  at  37°C.  The  enzymatic  hydrolysis  was  termi¬ 
nated  by  ice  cold  12.5%  trichloroacetic  acid,  and  the 
samples  were  centrifuged  at  15  000  rpm  for  10  min. 
Enzymatic  activity  was  measured  as  a  function  of  liberated 
inorganic  phosphate  (P;)  by  the  colorimetric  reaction 
described  by  Taussky  and  Shorr  [27].  For  each  ouabain- 
containing  and  ouabain-free  sample  for  each  animal,  a 
separate  reaction  tube  containing  the  reaction  mixture  and 
ATP  without  homogenate  was  assayed  to  account  for 
spontaneous  ATP  hydrolysis.  Samples  from  all  animals 
were  done  in  triplicate. 


2.4.  Na,K-ATPase  histochemistry 

To  identify  levels  of  regional  Na,K-ATPase  activity 
within  the  striatum,  we  used  a  histochemical  method  for 
the  detection  of  ouabain-sensitive  ATPase  by  a  reaction 
involving  the  ATP  analog  p-nitrophenyl  phosphate  in  the 
presence  of  lead  acetate  [5],  Brain  sections  containing 
mid-caudate  and  putamen  from  control  and  HI  piglets  were 
washed  in  100  mM  Tris,  100  mM  sucrose  and  subsequent¬ 
ly  incubated  in  a  solution  of  25%  DMSO,  200  mM 
levamisol,  1  mM  potassium  citrate,  2  mM  glycine,  100 
mM  lead  acetate,  and  10  mM  p-nitrophenyl  phosphate  for 
1  h  at  3??C  in  a  Dubnoff  metabolic  incubator  shaker.  After 
the  reaction,  the  sections  were  rinsed  in  Tris-sucrose 
thrice  for  10  min,  followed  by  incubation  in  1%  am¬ 
monium  sulfate.  The  sections  were  then  rinsed  in  deion¬ 
ized  water,  mounted  on  glass  slides,  and  coverslipped.  The 
detection  of  this  enzymatic  reaction  product  is  completely 
abolished  by  ouabain  [12]. 

Densitometric  quantification  of  Na,K-ATPase  activity  in 
brain  sections  was  accomplished  using  an  image  analysis 
system  as  described  [13].  The  reacted  slides  were  placed 
on  a  light  box,  and  video  images  of  sections  (matched  for 
striatal  level)  were  captured  on  a  Dage  68  video  camera. 
Digitized  images  were  then  displayed  in  gray  scale,  and  an 
average  of  sample  density  at  each  time  point  post  injury 
was  determined. 

2.5.  Western  blot  analysis 

To  measure  Na,K-ATPase  subunit  levels  in  striatum  of 
control  and  HI  piglets,  samples  of  striatal  homogenates  (5 
or  20  pg)  were  fractionated  by  sodium  dodecyl  sulfate- 
polyacrylamide  gel  electrophoresis  (SDS-PAGE).  The 
proteins  were  then  transferred  by  electroelution  to  nitro¬ 
cellulose  overnight  at  4°C  or  for  3  h  at  room  temperature. 
Confirmation  of  uniform  transfer  was  accomplished  by 
Ponceau  S.  The  blots  were  washed  with  0.05  M  Tris- 
buffered  saline  (TBS,  pH  7.3-7 .4)  and  then  blocked  with 
0.05  M  TBS,  2.5%  non-fat  milk,  0.1%  Tween-20  for  2  h. 
They  were  incubated  subsequently  overnight  at  4°C  with 
either  a  polyclonal  antibody  (dilution  1:  20  000)  made 
against  rabbit  kidney  Na,K-ATPase  (Research  Diagnostics, 
Flanders,  NJ),  a  monoclonal  antibody  (0.1  pg/ml  IgG) 
against  the  Na,K-ATPase  ot3  subunit  (Affinity  Bioreagents, 
Golden,  CO),  or  a  monoclonal  antibody  (0.084  pg/ml 
IgG)  against  the  (3,  subunit  of  the  enzyme  (Upstate 
Biotechnology,  Lake  Placid,  NY).  All  antibodies  were 
diluted  in  Tris-milk-Tween  solution.  After  incubation,  the 
blots  were  washed  in  blocking  solution  and  subsequently 
incubated  with  goat  anti-mouse  or  goat  anti-rabbit  horse¬ 
radish  peroxidase-conjugated  IgG  (BioRad)  for  1  h.  The 
blots  were  washed  again,  and  the  immunoreactive  proteins 
were  visualized  with  a  chemiluminescent  detection  system 
(Pierce  Chemical,  Rockford,  IL,  or  Amersham  Pharmacia 
Biotech,  Piscataway,  NJ)  and  subsequent  exposure  to 
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radiographic  film.  Synaptophysin  (for  the  rabbit  polyclonal 
antibody  to  Na,K-ATPase  and  a3  monoclonal  blots)  or 
SNAP-25  (for  the  p,  antibody  blots)  were  used  as  quan¬ 
titative  loading  controls  for  each  sample;  levels  of  these 
proteins  are  not  changed  before  24  h  recovery  [11,13].  An 
optical  density  standard  curve  using  increasing  concen¬ 
trations  of  striatal  protein  was  generated  for  both  the  a3 
and  P,  subunits.  Protein  levels  were  quantified  by  den¬ 
sitometry  (using  the  Macintosh  AdobePhotoshop  and  IP 
Lab  Gel  programs)  and  expressed  as  a  percentage  of 
loading  control  by  comparing  the  optical  density  of  the 
scanned  isoform  band  to  the  synaptophysin  (or  SNAP-25) 
band  of  the  same  lane  and  blot. 


2.6.  Statistical  analysis 

Statistical  analysis  of  differences  in  biochemical  and 
histochemical  activity  as  well  as  isoform  subunit  levels 
was  accomplished  using  a  two-tailed  Student’s  f-test  (two- 
tailed).  Statistical  significance  was  defined  as  P^O.05. 


3.  Results 

3.1.  Striatal  Na,K-ATPase  is  transiently  inactivated, 
reestablishes  normal  activity,  and  then  activity  is  lost 
after  HI 


Time  After  HI 


Fig.  1.  Na/K-ATPase  activity  in  striatal  membrane  fractions  from  1- 
week-old  piglets  exposed  to  HI.  Each  bar  represents  mean  ATPase 
activity  (plus  standard  error  of  the  mean)  as  measured  by  net  inorganic 
phosphate  (Ps)  production,  excluding  effects  of  Mg- ATPase  and  sponta¬ 
neous  ATP  hydrolysis  (n- 2  animals  per  time  point).  Controls  are  sham 
piglets  not  exposed  to  HI.  An  asterisk  (*)  represents  a  statistically 
significant  (P< 0.05)  difference  between  enzyme  activity  of  HI  piglets 
compared  to  control  piglets.  Na/K-ATPase  undergoes  early  inactivation, 
a  short  period  of  recovery,  and  then  sustained  loss  of  function  dysfunction 
after  HI. 


Striatal  neuron  death  is  rapid,  progressive  necrosis 
during  the  first  24  h  after  HI  [14].  This  degeneration  has 
been  detailed  previously  [14],  This  neuronal  death  is 
characterized  as  necrosis  based  on  morphology,  DNA 
fragmentation  patterns  and  metabolic  deficits  [14],  At  3,  6, 
12,  and  244  h  after  recovery  of  spontaneous  circulation  16, 
31,  47,  and  79%  of  neurons  are  damaged,  respectively,  as 
shown  by  H&E  staining  [14].  Ultrastructurally,  neuronal 
death  appears  to  be  initiated  by  ~3  h  post  insult  with 
cytoplasmic  vacuolization  and  cellular  edema  [14].  At  6  h, 
the  onset  of  significant  neurodegeneration  occurs,  with 
fusiform  changes  in  the  cellular  shape,  continued  vacuoli¬ 
zation,  fragmentation  of  the  rough  endoplasmic  reticulum, 
and  condensation  of  the  mitochondria.  Between  12  and  24 
h,  the  injured  cell  disintegrates,  with  cytoplasmic  dissolu¬ 
tion,  chromatin  clumping,  and  ultimate  karyolysis. 

To  identify  the  possible  early  mechanisms  of  striatal 
neuron  death  after  HI,  we  measured  Na,K-ATPase  activity 
in  synaptosomal  membrane  fractions  in  control  and  HI 
piglets  (Fig.  1).  Control  piglet  striatum  has  enzyme  activity 
of  29.12  pmol  Pj/mg  protein  per  h.  At  3  h  after  HI, 
Na,K- ATPase  activity  is  decreased  significantly  (P<0.05) 
to  62%  of  control.  At  6  h  after  HI,  striatal  Na,K-ATPase 
activity  is  98%  of  control.  During  the  remainder  of  the 
early  recovery  time  course,  striatal  Na,K-ATPase  activity 
is  reduced  significantly  (P<0.05)  to  -50-55%  of  control 
enzyme  activity. 


3.2.  Na,K-ATPase  activity  in  putamen  is  more 
vulnerable  than  in  caudate  to  HI 

The  neuropathology  after  HI  is  different  in  distinct 
components  of  the  striatum  [13].  The  putamen  in  newborn 
piglets  is  extremely  vulnerability  to  HI  [13].  We  evaluated 
changes  in  membrane-associated  ATPase  activity  in  spe¬ 
cific  regions  of  the  striatum  by  measuring  histochemical 
activity  of  the  enzyme  in  brain  slices  containing  the 
striatum  (Fig.  2).  This  activity  represents  the  mean  optical 
density  from  mid-striatum  after  reaction  with  the  ATP 
analog  p-nitrophenyl  phosphate  in  situ.  Membrane  activity 
in  the  caudate  nucleus  was  83%  of  control  at  6  h  after  HI, 
with  recovery  to  normal  or  above  normal  values  at  12  and 
24  h.  These  changes  were  not  significant.  The  putamen 
showed  a  similar  loss  and  then  recovery  of  ATPase  activity 
(69  and  98%  of  control  at  6  and  12  h,  respectively),  but 
then  activity  declined  to  67%  of  control  at  24  h  after  HI. 
The  decrease  in  ATPase  histochemical  activity  in  the 
putamen  at  24  h  was  nearly  significant  in  comparison  to 
control  activity  in  that  region  (P=0.09). 

3.3.  Na,K-ATPase  subunit  levels  do  not  decrease  in 
striatum  during  24  h  recovery  after  HI 

To  evaluate  whether  decreased  Na,K-ATPase  activity 
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Fig.  2.  In  situ  ouabain-sensitive  ATPase  activity  in  mid-striatal  coronal 
sections  of  1 -week-old  piglets  after  HI.  Images  of  each  section  were 
analyzed  digitally  to  determine  optical  density  (plus  standard  error  of  the 
mean)  as  a  representation  of  enzyme  activity  in  caudate  (dotted  bars)  and 
putamen  (striped  bars).  Time  represents  h  after  HI  (n=2-3  piglets  per 
time  point).  Controls  are  sham  piglets  not  exposed  to  HI.  The  data 
demonstrate  a  differential  loss  of  Na,K-ATPase  activity  within  the 
putamen  at  24  h  recovery,  corresponding  to  the  preferential  necrosis  in 
the  putamen  observed  neuropathologically  [13,14]. 


during  recovery  from  HI  coincides  with  the  loss  of  Na/K 
ATPase  subunits,  we  measured  the  levels  of  a  ubiquitous  a 
isoform  (a,)  and  the  neuron  specific  a  and  P  subunits. 
Standard  curves  for  a3  and  p ,  were  generated  to  demon¬ 
strate  that  our  assay  conditions  were  appropriate  (Fig.  3A), 
by  measuring  the  level  of  immunoreactivity  for  these 
isoforms  as  a  function  of  increasing  striatal  protein  con¬ 
centration.  The  a3  subunit  was  identified  on  Western  blots 
as  a  single  band  corresponding  to  a  1 10-kDa  protein,  while 
the  P,  subunit  migrated  as  a  broad  50-60-kDa  band 
(corresponding  to  the  glycosylated  form  of  the  protein). 
The  immunoblot  assay  saturates  for  a3  (Fig.  3a,  left)  and 
P,  (Fig.  3a,  right)  isoforms  as  protein  concentration 
approaches  20  p,g. 

To  determine  whether  changes  in  protein  levels  occur  in 
response  to  HI,  striatal  homogenates  from  both  control  and 
HI  piglets  were  measured  in  the  same  blots.  With  5  p,g  of 
protein,  the  striatal  levels  of  both  a3  and  (3,  (Fig.  3b,  two 
lowest  blot  sets)  at  each  time  point  after  HI  are  similar 


qualitatively,  as  are  the  levels  of  immunoreactivity  for 
synaptophysin  and  SNAP-25  across  time.  When  repre¬ 
sented  as  a  ratio  of  Na,K-ATPase  subunit  to  loading 
control  (Fig.  4,  left),  the  immunoreactivity  of  each  isoform 
at  each  time  point  after  HI  is  similar  (P>0.32  for  both 
subunits  in  Hi-exposed  animals  versus  sham  controls). 
These  results  were  reproduced  using  20  |xg  protein  (Fig. 
3b,  blot  sets  2  and  3;  Fig.  4,  right,  dotted  and  striped  bars), 
with  no  statistical  difference  between  control  and  HI 
piglets  (P>0.24  for  both  subunits).  The  level  of  a,  isoform 
in  HI  piglet  striatum  was  similar  to  control  at  all  recovery 
times,  except  at  3  h  (Fig.  3b,  upper  blot  set;  Fig.  4,  right, 
solid  bars),  at  which  time  a  significant  increase  (P=0.02) 
was  detected.  The  results  were  most  reliably  quantitated 
using  the  higher  protein  concentration  because  of  the  lower 
abundance  of  this  isoform  in  striatum.  These  data  demon¬ 
strate  that  the  loss  of  Na,K-ATPase  subunits  does  not 
account  for  the  decrease  in  ATPase  activity  during  re¬ 
covery  from  HI. 


4.  Discussion 

Perinatal  HI  initiates  cellular  and  molecular  perturba¬ 
tions  in  neurons  that  eventually  cause  neuronal  death, 
gliosis,  and  atrophy,  particularly  in  striatum  [11-14].  We 
study  biochemical  and  molecular  defects  in  the  striatum 
after  HI,  because  the  degeneration  of  this  brain  region  is 
likely  to  be  important  for  the  long-term  abnormalities  in 
posture  and  movement  and  sensorimotor  deficits  that  result 
from  perinatal  HI.  Here,  we  focused  on  Na,K-ATPase 
because  this  enzyme  may  be  a  key  molecular  target  in  the 
pathobiology  of  HIE.  This  enzyme  establishes  cell  mem¬ 
brane  electrochemical  gradients  for  Na+  and  K+.  This 
gradient  is  crucial  for  maintaining  membrane  potential  and 
function  of  neurons.  Excessive  influx  of  Na+  into  neurons 
initiated  by  glutamate  release  and  glutamate  receptor 
activation  during  and  after  HI,  coupled  with  failed  mem¬ 
brane  ion  pumps,  result  in  an  accumulation  of  intracellular 
Na+,  cellular  edema  [2],  and  possible  striatal  neuron 
necrosis  [11,14], 

We  have  identified  a  loss  of  Na,K-ATPase  activity  in 
striatum  at  3  h  after  HI.  This  defect  coincides  with  the 
onset  of  cellular  edema  seen  by  electron  microscopy  in  our 
piglet  model  of  HIE  [14].  The  loss  of  ATPase  activity  at 


Fig.  3.  Na,K-ATPase  subunit  isoform  immunoreactivity.  (A)  Western  blot  analysis  of  increasing  concentrations  of  membrane  protein  from  newborn  piglet 
striatum  was  used  to  determine  the  optimal  assay  conditions  for  detection  of  ATPase  subunit  isoforms  using  chemiluminescence.  Lanes  were  loaded  with  2, 
5,  10,  20,  and  40  |xg  protein,  subjected  to  SDS-PAGE,  transferred  to  nitrocellulose,  and  blotted  with  antibodies  to  the  a3  (left)  and  (5,  (right)  isoforms.  The 
standard  curves  and  protein  blots  (inserts)  demonstrate  a  steep  increase  in  protein  immunoreactivity  between  5  and  20  pg.  (B)  ATPase  subunit 
immunoreactivity  of  striatal  membrane  fractions.  Samples  were  subjected  to  SDS-polyacrylamide  gel  electrophoresis,  electrophoretically  transferred  to 
nitrocellulose  membranes,  and  probed  with  either  a  rabbit  polyclonal  antibody  against  the  al  subunit  or  a  mouse  monoclonal  antibody  against  the  a3  or  p, 
subunit.  Membranes  were  then  incubated  in  a  horseradish  peroxidase-conjugated  secondary  antibody,  with  visualization  of  protein  bands  accomplished  by 
chemiluminescence  and  autoradiography.  Each  blot  was  probed  for  the  respective  subunit  as  well  as  a  known  invariant  synaptosomal  protein 
(synaptophysin  [p38]  for  the  a  subunits,  SNAP-25  for  the  P  subunit);  the  subsequent  images  were  analyzed  digitally  to  determine  optical  density.  The  first 
three  sets  of  blots  represent  immunoreactivity  quantitated  using  20  pg  protein  per  lane;  the  last  two  sets  reflect  quantitation  using  5-pg  samples  in  each 
lane. 
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this  time  of  recovery  occurs  prior  to  appreciable  ischemic 
neurodegeneration;  thus,  we  interpret  this  abnormality  as  a 
mechanism,  rather  than  a  consequence,  of  neuronal  death. 
Additionally,  our  in  vitro  assay  indicates  that  this  loss  of 


activity  is  not  related  to  the  known  decrease  in  high-energy 
phosphate  levels  (ATP  substrate)  that  occurs  during  HI. 
The  near  complete  recovery  of  activity  at  6  h  suggests  that 
a  reversible  modification  of  the  enzyme  (e.g.,  perhaps 
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Fig.  4.  Na/K-ATPase  subunit  immunoreactivity  in  5-(xg  (left)  and  20-p.g  (right)  aliquots  of  striatal  membrane  fractions  from  1-week-old  piglets  exposed 
to  HI.  Samples  (n= 2)  from  HI  and  control  (unexposed)  animals  were  subjected  to  Western  blot  analysis.  Protein  levels  of  the  a3  (dotted  bars),  (3,  (striped 
bars)  and  a ,  isoforms  (solid  bars)  were  represented  as  the  ratio  of  the  mean  optical  density  of  the  subunit  to  control  (plus  standard  error  of  the  mean).  For 
each  subunit,  three  to  five  blots  were  used  to  measure  immunoreactivity,  An  asterisk  (*)  represents  a  statistically  significant  (P£  0.05)  increase  in  isoform 
level  in  the  Hi-exposed  animals  relative  to  control.  No  significant  changes  occurred  with  a3  and  (3,,  while  a,  immunoreactivity  in  HI  piglets  shows  a 
significant  increase  relative  to  control  at  3  h  recovery. 


phosphorylation  or  nitration)  is  at  least  partially  respon¬ 
sible  for  the  early  loss  of  function  seen  at  3  h.  At  12  and 
24  h,  striatal  Na,K-ATPase  activity  was  again  decreased, 
coinciding  with  the  destruction  of  striatal  neurons  [14].  We 
have  found  that  cytochrome  oxidase  (COX),  a  key  mito¬ 
chondrial  enzyme  that  is  also  enriched  in  striatum,  under¬ 
goes  a  similar  biphasic  pattern  of  activity  after  HI  [14]. 
Therefore,  we  conclude  that  some,  yet  to  be  identified, 
critical  pathological  events,  possibly  oxidative  stress  me¬ 
diated  by  NMDA  receptor  activation,  are  initiated  in  the 
striatum  by  3  h  after  HI.  The  elucidation  of  these  early 
pathological  processes  will  be  critical  for  the  future 
identification  of  neuroprotection  strategies  that  may  be 
beneficial  for  newborns  that  have  experienced  HI  episodes. 

We  evaluated  Na,K-ATPase  activity  using  two  different 
methods.  We  used  a  biochemical  assay  on  striatal  homoge¬ 
nates  and  an  in  situ  assay  on  brain  sections.  The  different 
techniques  have  advantages  and  disadvantages.  The  bio¬ 
chemical  method  is  a  more  direct  and  sensitive  assay  for 
Na,K-ATPase  compared  to  the  histochemical  method,  but 
the  latter  assay  offers  spatial  and  regional  localization  of 
activity.  For  example,  the  biochemical  assay  detects  total 
ouabain-sensitive  Na,K-ATPase  activity  in  tissue  extracts, 
whereas  the  histochemical  assay  reflects  only  membrane- 
associated  Na,K-ATPase  activity.  However,  the  histochem¬ 
ical  assay  can  yield  information  on  a  subregional  level 
(e.g.,  putamen  versus  caudate),  while,  as  used  here,  the 
biochemical  assay  measures  Na,K-ATPase  in  striatal  mem¬ 
brane  fractions  that  include  putamen  and  caudate  nucleus. 
Some  discrepancy  in  the  results  on  Na,K-ATPase  activity 
after  HI  was  found  with  the  two  different  assays.  Bio¬ 
chemically,  total  ouabain-sensitive  Na,K-ATPase  activity 
is  decreased  at  3  h,  returns  to  control  level  at  6  h,  and  then 


decreases  again  at  12  and  24  h.  Histochemically,  mem¬ 
brane-associated  Na,K-ATPase  in  putamen  is  lower  than 
control  (although  not  significantly  reduced)  at  6  h,  recovers 
to  control  levels  at  12  h,  and  then  again  is  lower  than 
control  at  24  h.  By  histochemical  assay,  Na,K-ATPase 
activity  in  the  caudate  is  relatively  invariant  compared  to 
putamen.  Although  putamen  and  caudate  have  near  normal 
levels  of  activity  at  12  h,  the  putamen  does  not  sustain  this 
activity.  The  explanation  for  the  discrepant  findings  with 
the  different  assays  is  not  completely  clear.  It  is  possible 
that  these  assays  detect  Na,K-ATPase  in  different  cellular 
constituents.  For  example,  the  biochemical  assay  has  a 
greater  synaptosomal  neuronal  component  compared  to  the 
histochemical  assay,  with  the  latter  assay  perhaps  reflect¬ 
ing  more  glial  Na,K-ATPase.  In  any  event,  the  important 
message  with  the  histochemical  assay  is  that  Na,K-ATPase 
in  the  putamen  has  a  greater  vulnerability  than  Na,K- 
ATPase  in  the  caudate  nucleus  and  that  the  putamen  fails 
to  sustain  the  recovery  of  Na,K-ATPase  function  after  HI. 

Na,K-ATPase  is  a  ubiquitous  enzyme  with  in  the  CNS. 
All  three  a  isoenzymes  (a,,  a2,  and  ot3)  are  expressed 
throughout  the  CNS  [26].  Both  (3  isoforms  (p,  and  p2)  are 
also  found  within  nervous  tissue,  with  p2  expression 
occurring  selectively  in  cerebellum,  pineal  gland,  and  in 
photoreceptors  [20,26].  At  present,  information  on  Na,K- 
ATPase  subunit  isoform  localization  and  function  in 
striatum  is  limited  to  biochemical  studies  characterizing 
three  enzyme  forms  with  ‘very  high’,  ‘high’,  and  Tow’ 
affinities  for  ouabain  [19].  Therefore,  we  used  multiple 
antibodies  to  detect  subunit  levels  in  the  newborn  piglet. 
We  identified  high  expression  levels  of  the  a3  and  P, 
isoforms  in  swine  striatum. 

We  examined  whether  Na,K-ATPase  subunit  proteins 
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are  reduced  after  HI  to  account  for  the  loss  of  Na,K- 
ATPase  function.  Western  blot  analysis,  however,  revealed 
little  or  no  change  in  a3  or  p,  immunoreactivity.  An 
increase  in  a,  subunit  levels  was  found.  Previous  studies 
of  focal  cerebral  ischemia  in  mouse  [8]  have  also  demon¬ 
strated  loss  of  Na,K-ATPase  activity  without  changes  in 
subunit  isoform  expression.  These  data  suggest  that  modi¬ 
fications  of  Na,K-ATPase  subunits  or  perturbations  in 
subunit  interactions  cause  the  inactivation  of  Na,K-ATPase 
function  early  after  HI. 

Excitotoxic  excitatory  amino  acids  (i.e.,  glutamate)  have 
been  implicated  as  a  major  contributor  to  the  pathogenesis 
of  HIE  [1,15].  One  pathway  for  excitotoxicity  is  the 
generation  of  ROS.  This  phenomenon  has  been  demon¬ 
strated  in  cultured  neurons  after  activation  of  the  NMDA 
receptor  [22],  One  particular  signal  transduction  pathway 
activated  by  NMDA  receptors  is  nitric  oxide  (NO)  gene¬ 
ration  [2].  Na,K-ATPase  activity  can  be  inhibited  by  NO- 
producing  compounds  [23],  and  modified  by  mechanisms 
involving  superoxide  dismutase  (via  tyrosine  residues)  in 
the  presence  of  the  NO  derivative  peroxynitrite  [6].  The 
possible  links  between  NMDA  receptor  activation  and  the 
generation  of  NO,  superoxide,  and  peroxynitrite  need  to  be 
explored  in  greater  detail  in  this  clinically  relevant  animal 
model  of  newborn  HIE. 

Previous  experiments  from  our  laboratory  using  this 
piglet  model  have  revealed  depletion  of  glutathione  stores 
at  3  h  recovery  after  HI  and  peroxynitrite-mediated  oxida¬ 
tive  damage  to  intracellular  proteins  (tubulin  and  Golgi- 
apparatus  associated  protein)  [14],  Given  this  evidence  for 
oxidative  stress,  it  is  plausible  that  Hi-induced  ROS 
modify  mature,  membrane-associated  Na,K-ATPase  or 
nascent  enzyme  heterodimers  during  processing  through 
the  Golgi  apparatus.  Transport  of  the  complete  enzyme 
from  the  endoplasmic  reticulum  to  the  plasma  membrane 
requires  at  least  40-60  min  [3],  coinciding  with  the  onset 
of  decreased  Na,K-ATPase  activity  seen  in  striatum  at  3  h 
after  HI.  Recovery  of  enzyme  function  at  6  h  may  be 
related  to  reversal  of  protein  modification,  recovery  of 
mitochondrial  function  (decreasing  the  ROS  production), 
or  rapid  turnover  of  the  defective  membrane  Na,K-AT- 
Pase.  As  disruption  of  the  nucleus,  cytoskeletal  structure, 
and  organelles  progresses  between  6  and  24  h  [14], 
production  of  cellular  enzymes  ceases,  resulting  in  the 
sustained  decrease  in  Na,K-ATPase  function  seen  over  the 
remainder  of  the  time  course. 

We  have  strong  evidence  that  in  newborn  piglets,  striatal 
neurons  sustain  profound  peroxynitrite-mediated  damage 
[14],  Several  domains  in  both  Na,K-ATPase  subunits  may 
serve  as  targets  for  peroxynitrite  modification.  In  rat  brain, 
three  tyrosine  substitutions  in  the  a3  isoform  occur  relative 
to  a,  [24],  The  (3  subunit,  known  more  for  its  role  in 
trafficking,  facilitates  cation  occlusion  through  a  specific 
interaction  with  a  region  of  the  carboxy  terminus  of  the  a 
subunit  [3],  The  interactive  region  of  the  rat  (3  subunit 
contains  tyrosine  residues;  thus,  peroxynitrite  attack  on  this 


region  would  result  in  failed  heterodimer  interaction  and 
enzymatic  activity.  Lipid  peroxidation  in  conjunction  with 
loss  of  Na,K-ATPase  activity  after  HI  also  has  been 
described  [7,21];  thus,  damage  to  membrane  phospholipids 
may  potentiate  defects  in  subunit  interactions  and  failure  of 
enzyme  function. 

An  alternative  explanation  for  the  diminished  enzyme 
activity  involves  the  balance  of  catalytic  subunit  expres¬ 
sion.  Despite  elevated  in  a,  levels  in  striatum  after  HI,  a 
concomitant  rise  in  biochemical  activity  was  not  found 
over  time.  The  presence  of  multiple  isoforms  of  Na,K- 
ATPase  has  been  postulated  as  a  mechanism  whereby 
tissues  can  regulate  enzyme  activity  [10],  Jewell  and 
Lingrel  have  further  hypothesized  that  the  ot3  isoform, 
which  has  a  lower  affinity  for  Na+  than  the  a,  or  a2 
isoform,  is  recruited  by  neurons  during  period  of  higher 
Na+  influx,  such  as  repetitive  action  potentials  [9].  Since 
excess  glutamate  potentiates  both  the  production  of  ROS 
and  an  increased  influx  of  Na+,  oxidative  stress  resulting 
from  excitotoxicity  and  subsequent  damage  to  the  a3 
isoform  would  decrease  the  total  ATPase  activity.  The 
absence  of  a  contribution  from  a3  isoform  would  alter  the 
normal  stoichiometry  of  the  catalytic  subunits,  thus  ex¬ 
plaining  the  failure  of  enzyme  function  despite  the  increase 
in  a,  subunit  levels  seen  in  our  study.  With  diminished 
cortical  Na,K-ATPase  activity  after  HI,  loss  of  a  ouabain 
inhibitory  site  has  been  demonstrated,  theoretically  occur¬ 
ring  secondary  to  modification  of  a  ‘high  affinity’  (a2  or 
a3)  isoform  [8]. 

In  summary,  we  have  identified  that  Na,K-ATPase 
function  is  inactivated  early  after  HI  in  a  subcortical  brain 
region  that  sustains  preferential  damage.  This  alteration  in 
enzyme  function  appears  to  be  mediated  by  factors  other 
than  the  levels  of  its  composite  subunits.  Further  in¬ 
vestigations  are  necessary  to  determine  the  molecular 
modifications  occurring  in  the  specific  a  and  (3  isoforms 
and  the  relationships  between  different  a/p  heterodimers 
and  total  Na,K-ATPase  activity.  These  experiments  may 
prove  valuable  in  designing  therapies  to  target  brain 
regions  vulnerable  to  neonatal  asphyxia,  which  would 
significantly  reduce  the  incidence  of  HIE  and  its  long-term 
sequelae. 
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Apoptosis  and  Necrosis  Occur  in  Separate  Neuronal  Populations 
in  Hippocampus  and  Cerebellum  After  Ischemia  and  Are 
Associated  With  Differential  Alterations  in  Metabotropic 
Glutamate  Receptor  Signaling  Pathways 
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Summary:  It  was  evaluated  whether  postischemic  neurode¬ 
generation  is  apoptosis  and  occurs  with  alterations  in  phosphoi- 
nositide-linked  metabotropic  glutamate  receptors  (mGluRs) 
and  their  associated  signaling  pathways.  A  dog  model  of  tran¬ 
sient  global  incomplete  cerebral  ischemia  was  used.  The  CA1 
pyramidal  cells  and  cerebellar  Purkinje  cells  underwent  pro¬ 
gressive  delayed  degeneration.  By  in  situ  end-labeling  of  DNA, 
death  of  CA1  and  Purkinje  cells  was  greater  at  7  days  than  1 
day  after  ischemia,  whereas  death  of  granule  neurons  in  dentate 
gyrus  and  cerebellar  cortex  was  greater  at  1  than  at  7  days. 
Ultrastructurally,  degenerating  CA1  pyramidal  neurons  and 
cerebellar  Purkinje  cells  were  necrotic;  in  contrast,  degenerat¬ 
ing  granule  neurons  were  apoptotic.  In  agarose  gels  of  regional 
DNA  extracts,  random  DNA  fragmentation  coexisted  with  in- 
temucleosomal  fragmentation.  By  immunoblotting  of  regional 
homogenates,  mGluRloc,  mGluR5,  phospholipase  Cp  (PLCP), 


and  Go;,,,, ,  protein  levels  in  hippocampus  at  1  and  7  days  after 
ischemia  were  similar  to  control  levels,  but  in  cerebellar  cortex, 
mGluRla  and  mGluR5  were  decreased  but  PLCp  was  in¬ 
creased.  By  immunocytochemistry,  mGluR  and  PLCp  immu- 
noreactivity  dissipated  in  CA1  and  cerebellar  Purkinje  cell/ 
molecular  layers,  whereas  immunoreactivities  for  these  pro¬ 
teins  were  enhanced  in  granule  neurons.  It  was  concluded  that 
neuronal  death  after  global  ischemia  exists  as  two  distinct, 
temporally  overlapping  forms  in  hippocampus  and  cerebellum: 
necrosis  of  pyramidal  neurons  and  Purkinje  cells  and  apoptosis 
of  granule  neurons.  Neuronal  necrosis  is  associated  with  a  loss 
of  phosphoinositide-linked  mGluR  transduction  proteins, 
whereas  neuronal  apoptosis  occurs  with  increased  mGluR  sig¬ 
naling.  Key  Words:  Bax— Excitotoxicity — Glutamate  recep¬ 
tors— Granule  neuron — Phospholipase  C — Programmed  cell 
death. 


The  mechanisms  for  delayed  neuronal  death  (DND) 
after  global  cerebral  ischemia  in  the  adult  CNS  are  not 
understood.  Structurally  and  mechanistically,  cellular  de¬ 
generation  resulting  from  hypoxia-ischemia  has  been 
thought  to  be  a  form  of  necrosis  (Laiho  and  Trump, 
1975;  Wyllie  et  al.,  1980;  Kerr  and  Harmon,  1991 ;  Desh- 
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pande  et  al.,  1992);  but  recently  postischemic  DND  has 
been  considered  to  be  a  form  of  apoptosis  mediated  by 
programmed  cell  death  (PCD)  mechanisms  (H6ron  et  al., 
1993;  MacManus  et  al.,  1995;  Nitatori  et  al.,  1995;  Kra- 
jewski  et  al.,  1995).  However,  the  idea  that  selectively 
vulnerable  neurons  undergo  apoptosis  after  ischemia  is 
very  controversial  (Deshpande  et  al.,  1992;  Martin  et  al., 
1998;  Ishimaru  et  al.,  1999),  although  ischemic  DND 
might  be  more  easily  classified  according  to  the  concept 
of  the  apoptosis-necrosis  continuum  (MacManus  et  al., 
1995;  Portera-Cailliau  et  al.,  1997a, b).  The  accurate 
identification  of  the  contributions  of  apoptosis  and  ne¬ 
crosis  to  neuronal  death  in  the  adult  central  nervous  sys¬ 
tem  after  ischemia  has  very  important  therapeutic  rel¬ 
evance. 

Neuronal  cell  death  after  ischemia  involves  perturba¬ 
tions  in  intracellular  Ca2+  homeostasis  and  impairments 
in  protein  synthesis,  possibly  resulting  from  excitotoxic 
activation  of  neuronal  glutamate  receptors  (GluRs) 
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(Diemer  et  al.,  1993).  The  GluRs  that  modulate  intracel¬ 
lular  Ca2+  levels  within  neurons  are  the  ion  channel  re¬ 
ceptors  (TV-methyl-D-aspartate  (NMDA)  and  a-amino-3- 
hydroxy-5-methyl-4-isoxazole  propionate  receptors]  and 
the  G  protein-coupled,  phosphoinsoitide-linked  metabo¬ 
tropic  GluRs  (mGluRs)  (Nakanishi,  1992).  Within  the 
central  nervous  system,  excitotoxic  activation  of  GluRs 
delineates  an  apoptosis-necrosis  continuum  for  neuronal 
death  in  which  the  structure  of  neuronal  degeneration  is 
influenced  by  the  subtype  of  GluR  that  is  activated  (Por- 
tera-Cailliau  et  al.,  1997a, b).  A  possible  role  for  exces¬ 
sive  activation  of  GluRs  in  the  mechanisms  for  postisch- 
emic  DND  is  supported  by  studies  showing  that  blockade 
of  a-amino-3-hydroxy-5-methyl-4-isoxazole  propionate 
receptors  is  neuroprotective  after  forebrain  ischemia  in 
adult  rodents  (Sheardown  et  al.,  1990),  that  abnormalities 
in  phosphoinositide  signaling  pathways  occur  in  hippo¬ 
campus  after  ischemia  (Kirino  et  al.,  1992),  and  that 
mGluR  antagonists  are  neuroprotective  in  in  vitro  hip¬ 
pocampal  slice  models  of  hypoxia-hypoglycemia  (Opitz 
et  al.,  1995)  and  in  vivo  models  of  excitotoxicity  and 
transient  global  ischemia  (Bruno  et  al.,  1999). 

Some  forms  of  PCD  are  Ca2+  dependent  (Sen,  1992), 
and  activation  of  mGluRs  and  heterotrimeric  GTP- 
binding  proteins  (G  proteins)  can  regulate  neuronal  ap¬ 
optosis  in  vitro  (Copani  et  al.,  1995;  Yan  et  al.,  1995). 
Therefore,  we  evaluated  whether  ischemic  DND  is  ap¬ 
optosis  structurally  and  whether  DND  is  possibly  asso¬ 
ciated  mechanistically  with  abnormalities  in  phospho- 
inositide-linked  mGluRs  and  their  downstream  intracel¬ 
lular  signal  transduction  proteins,  including  the  function¬ 
ally  coupled  G  proteins  and  phospholipase  C  (PLC). 
Thus,  the  goal  of  this  study  was  to  provide  insight  into 
the  possible  contribution  of  apoptosis  to  neurodegenera¬ 
tion  after  ischemia  and  the  possible  molecular  mecha¬ 
nisms  for  this  DND. 

METHODS 

Model  of  ischemia 

A  model  of  temporary  global  incomplete  cerebral  ischemia 
in  dogs  was  used  (Sieber  et  al,  1995).  All  animal  procedures 
were  conducted  in  accordance  with  the  NIH  Guide  for  the  Care 
and  Use  of  Laboratory  Animals,  and  protocols  were  approved 
by  the  institutional  animal  care  and  use  committee.  Under  ster¬ 
ile  conditions,  anesthetized  (1  to  2%  inspired  halothane),  me¬ 
chanically  ventilated,  normothermic  (epidural  temperature  at 
37  to  38°C),  adult  beagles  (n  =  20)  were  subjected  to  transient 
incomplete  global  cerebral  ischemia  by  intraventricular  infu¬ 
sion  of  prewarmed  sterile  artificial  cerebrospinal  fluid  into  the 
lateral  ventricle,  producing  an  intracranial  pressure  of  10  mm 
Hg  below  mean  arterial  blood  pressure  (Sieber  et  al.,  1995). 
The  intracranial  pressure  was  maintained,  keeping  cerebral  per¬ 
fusion  pressure  constant  at  10  mm  Hg  for  20  minutes.  To  start 
reperfusion,  the  cerebrospinal  fluid  pressure  reservoir  was  dis¬ 
connected,  and  intracranial  pressure  was  allowed  to  normalize. 
Six  dogs  were  used  as  nonischemic  sham  controls. 


Neuropathology,  TUNEL,  and  electron  microscopy 

To  evaluate  neuropathology,  sham  control  dogs  (n  =  3)  and 
ischemic  dogs  surviving  for  1  day  (n  =  5)  or  7  days  (n  =  9) 
were  anesthetized  with  pentobarbital,  vasodilated  with  sodium 
nitrite,  anticoagulated  with  heparin,  and  perfused  intraaortically 
with  phosphate-buffered  saline  followed  by  a  mixture  of  4% 
paraformaldehyde  and  0.5%  glutaraldehyde.  The  brains  were 
divided  midsagittally,  and  each  hemisphere  was  cut  into  1-cm- 
thick  coronal  slabs.  In  this  model  of  ischemia,  neuronal  damage 
is  similar  bilaterally  (Sieber  et  al.,  1995).  From  the  left  hemi¬ 
sphere,  samples  of  midhippocampus  (containing  the  septal  and 
temporal  hippocampus)  and  cerebellum  (at  the  level  of  the 
vermis)  were  used  for  paraffin  histology.  For  quantification  of 
postischemic  neurodegeneration  in  hippocampus  and  cerebellar 
cortex  (Fig.  1),  sections  (10  pm  thick)  were  stained  with  he¬ 
matoxylin  and  eosin  or  the  terminal  transferase-mediated  bio- 
tin-dUTP  nick  end-labeling  (TUNEL)  method  for  in  situ  de¬ 
tection  of  nuclear  DNA  fragmentation  as  described  (Portera- 
Cailliau  et  al.,  1997a, b\  Martin  et  al.,  1997 «;  Al-Abdulla  et  al., 
1998).  The  TUNEL  method  was  used  to  identify  dying  cells 
after  ischemia,  although  this  technique  is  not  specific  for  ap¬ 
optosis  (Martin  et  al.,  1998). 

Profile  counting  was  used  to  estimate  ischemic  neuronal 
damage  in  hematoxylin  and  eosin-stained  sections  in  the  stra¬ 
tum  pyramidale  of  CA1  (in  six  microscopic  fields  at  600x;  see 
Fig.  1  A)  and  in  the  Purkinje  cell  layer  of  the  anterior  vermis  of 
cerebellar  cortex  (in  four  microscopic  fields  at  400x;  see  Fig. 
IB).  Because  Purkinje  cells  are  arranged  in  only  a  single  layer 
(Fig.  IB),  the  cerebellar  sections  were  counted  at  a  lower  mag¬ 
nification  so  that  a  greater  number  of  Purkinje  cell  could  be 
analyzed  per  microscopic  field.  The  percentage  of  neurons  with 
ischemic  cytopathology  was  determined  using  as  criteria  mi- 
crovacuolar  change  within  the  soma,  peripheralization  of  Nissl 
substance,  nuclear  pyknosis,  perinuclear  eosinophilia,  or  peri- 
karyal  shrinkage  with  cytoplasmic  eosinophilia  (Sieber  et  al., 
1995;  Martin  et  al.,  1997a, b,  1998).  The  percentage  neuronal 
damage  was  estimated  by  identifying  the  fraction  of  neurons 
with  ischemic  cytopathology  relative  to  the  total  number  of 
neurons  in  microscopic  fields  of  the  CA1  and  cerebellar  cortex. 
The  percentage  neuronal  damage  in  each  region  was  averaged 
for  each  animal,  and  a  group  mean  was  calculated.  The  number 
of  neurons  per  square  millimeter  was  calculated  for  each  region 
in  control  and  ischemic  dogs,  and  the  percentage  of  remaining 
neurons  following  ischemia  was  calculated.  Neuropathology 
scores  between  groups  and  regions  at  each  time  point  were 
analyzed  using  the  Mann-Whitney  test. 

In  TUNEL  preparations  counterstained  with  cresyl  violet,  the 
densities  of  cells  showing  DNA  fragmentation  were  determined 
by  counting  TUNEL-positive  nuclei  in  six  microscopic  fields  at 
l,000x  in  the  stratum  pyramidale  of  CA1  and  CA2-superior 
CA3,  the  granule  cell  layer  of  the  dentate  gyrus,  and  the  Pur¬ 
kinje  cell  and  granule  cell  layers  of  cerebellar  cortex  (Fig.  1). 
The  TUNEL  sections  were  counted  at  l,000x  so  that  TUNEL- 
positive  nuclei  could  be  easily  identified  and  the  type  of  cell 
could  be  recognized.  The  number  of  TUNEL-positive  cells  per 
square  millimeter  in  each  region  was  averaged  for  each  animal, 
and  a  group  mean  was  calculated.  The  TUNEL  scores  between 
groups  and  regions  at  each  time  point  were  analyzed  using  the 
Mann-Whitney  test. 

To  determine  whether  DND  has  the  structure  of  apoptosis, 
necrosis,  or  a  hybrid  form  of  degeneration,  samples  (3  mm3)  of 
hippocampus  and  cerebellar  cortex  from  the  left  hemisphere 
were  osmicated  immediately,  embedded  in  plastic,  and  evalu¬ 
ated  by  electron  microscopy.  Ischemic  DND  was  evaluated 
using  ultrastructural  criteria  described  previously  in  models  of 
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FIG.  1.  Locations  in  hippocampus  (A)  and  cerebellar  cortex  (B) 
where  cell  counts  were  made  in  hematoxylin  and  eosln  and  ter¬ 
minal  transferase-mediated  biotin-dUTP  nick  end-labeling 
(TUNEL)  sections.  CA1-CA4,  Ammon's  horn  subfields  1  to  4; 
DG,  dentate  gyrus;  m,  molecular  layer;  p,  Purkinje  cell  layer;  g, 
granule  cell  layer.  Bars  =  12  mm.  Circles  with  three  different 
diameters  are  shown.  The  smallest  circle  (shown  in  A  and  B) 
corresponds  to  the  1 ,000x  microscopic  fields  in  which  the  counts 
of  TUNEL-positive  cells  were  made  in  CA1,  CA2  and  CA3,  and 
dentate  gyrus  of  hippocampus  and  in  the  granule  cell  and  Pur¬ 
kinje  cells  layers  of  cerebellar  cortex.  This  magnification  was 
used  to  best  Identify  TUNEL  labeling  in  the  nucleus.  The  inter¬ 
mediate  circle  (shown  in  A),  corresponding  to  the  600x  magnifi¬ 
cation  fields,  was  used  to  determine  in  larger  sample  sizes  the 
neuronal  density  and  percentage  neuronal  damage  in  CA1 .  The 
largest  circle  (shown  in  B),  corresponding  to  the  400x  magnifi¬ 
cation  fields,  was  used  to  determine  the  neuronal  density  and 
percentage  neuronal  damage  in  the  Purkinje  cell  layer.  For  this 
purpose,  a  larger  microscopic  field  (i.e.,  lower  magnification)  was 
used  so  that  a  greater  number  of  Purkinje  cells  per  field  could  be 
analyzed. 


unequivocal  neuronal  apoptosis  (Portera-Cailliau  et  al., 
1991  a, h]  Al-Abdulla  et  al.,  1998;  Martin  et  al.,  1998,  1999). 

DNA  isolation  and  agarose  gel  electrophoresis 

Because  the  TUNEL  method  identifies  DNA  fragmentation 
independent  of  mechanisms  (Portera-Cailliau  et  al.,  1997h; 
Martin  et  al.,  1998),  we  evaluated  regional  neuropathology 
based  on  DNA  fragmentation  patterns  in  agarose  gels.  Genomic 
DNA  was  isolated  from  samples  of  hippocampus  (septal  and 
temporal)  and  cerebellar  cortex  from  control  dogs  (n  =  2)  and 
dogs  at  1  day  (n  =  2)  and  7  days  (n  =  2)  after  ischemia.  Two 
additional  animals  were  killed  at  6  hours  after  ischemia.  Tissue 
samples  were  homogenized  in  DNA  extraction  buffer  contain¬ 
ing  10  mmol/L  Tris  (pH  7.4),  10  mmol/L  NaCl,  25  mmol/L 
ethylenediaminetetraacetate,  1  %  sodium  dodecyl  sulfate,  and  1 
mg/ml  proteinase  K  and  incubated  in  the  same  buffer  overnight 
at  37°C.  DNA  was  extracted  with  an  equal  volume  of  salt- 
saturated  phenol/chloroform/isoamyl  alcohol  (10:10:1),  and  the 
recovered  aqueous  phase  was  extracted  with  diethyl  ether.  The 
DNA  was  precipitated  with  ethanol  (2.5  volumes).  The  DNA 
pellet  was  dissolved  in  O.lx  saline-sodium  citrate  and  incu¬ 
bated  (37°C)  with  DNase-free  RNase  A  (0.1  mg/mL)  for  1  hour 
and  then  overnight  (37°C)  with  0.1  mg/mL  proteinase  K.  DNA 
was  reextracted,  precipitated,  and  dissolved  in  Tris/ 
ethylenediaminetetraacetate  buffer.  The  DNA  samples  (-1.0 
pg)  were  3'  end-labeled  with  digoxigenin-ll-dideoxy-uridine- 
5'-triphosphate  using  terminal  transferase  (Boehringer- 
Mannheim,  Indianapolis,  IN,  U.S.A.),  precipitated,  resus¬ 
pended  in  Tris/ethylenediaminetetraacetate  buffer,  fractionated 
by  agarose  gel  (1.2%)  electrophoresis,  and  transferred  to  nylon 
membrane  followed  by  ultraviolet  cross-linking.  Membranes 
were  incubated  in  2%  nucleic  acid  blocking  reagent  (Boeh- 
ringer-Mannheim)  and  then  in  blocking  reagent  containing  75 
mU/mL  antidigoxigenin  Fab  fragments  conjugated  to  alkaline 
phosphatase  (Boehringer-Mannheim).  After  washing,  mem¬ 
branes  were  reacted  with  chemiluminescent  substrate  for  alka¬ 
line  phosphatase  detection  reagent  (Boehringer-Mannheim) 
and  exposed  to  Kodak  X-OMAT  film  to  visualize  DNA. 

Immunoblotting 

To  evaluate  possible  mechanisms  for  DND,  we  studied  by 
immunoblotting  the  expression  of  the  proapoptotic  protein  Bax 
as  well  as  mGluRs  and  their  related  intracellular  signaling  pro¬ 
teins.  We  focused  on  mGluR  1  and  mGluR5  because  these  re¬ 
ceptors  are  G  protein-coupled  receptors  that  operate  through 
heterotrimeric  GTP-binding  proteins  and  PLC  activation, 
which  regulates  intracellular  Ca2+  by  phosphoinositide  hydro¬ 
lysis  (Tanabe  et  al.,  1992;  Pin  and  Duvoisin,  1995).  Activation 
of  phosphoinositide-linked  mGluRs  initiates  a  cascade  of 
events  including  the  activation  of  PLC(3  by  Gq  proteins,  gen¬ 
eration  of  inositol  triphosphate  and  diacylglycerol,  and  subse¬ 
quent  mobilization  of  Ca2+  from  nonmitochondrial  intracellular 
stores  (Pin  and  Duvoisin,  1995).  Control  dogs  (n  =  3)  and 
ischemic  dogs  at  1  day  (n  =  2)  and  7  days  (n  =  2)  of  recovery 
were  anesthetized  with  pentobarbital,  ventilated,  and  exsangui¬ 
nated  by  intraaortic  perfusion  of  ice-cold  phosphate-buffered 
saline.  The  brains  were  quickly  removed  from  the  skull  and 
placed  on  ice,  and  the  hippocampus  (septal)  and  anterior  lobule 
of  the  cerebellum  were  isolated  and  frozen  in  isopentane.  The 
samples  were  homogenized  and  subjected  to  differential  cen¬ 
trifugation  (Portera-Cailliau  et  al,  1996),  and  subcellular  frac¬ 
tions  were  assayed  for  protein  concentration  using  a  Bio-Rad 
(Hercules,  CA,  U.S.A.)  detection  method.  For  immunoblotting, 
mitochondria-enriched  membrane  fractions  or  synaptic  plasma 
membrane  fractions  (10,  12,  or  15  pg  of  protein)  were  sub¬ 
jected  to  sodium  dodecyl  sulfate  polyacrylamide  gel  electro- 
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phoresis  (8,  10,  or  15%  gels)  and  transferred  to  nitrocellulose 
membrane  by  electroblotting  (Martin  et  al.,  1992,  1997a). 
Samples  of  control  and  ischemic  dogs  were  always  run  in  the 
same  gel.  To  ensure  that  equivalent  amounts  of  protein  were 
loaded  in  each  lane  and  that  transfer  was  comparable,  mem¬ 
branes  were  stained  with  Ponceau  S  before  immunoblotting. 
Blots  were  then  blocked  with  2.5%  nonfat  dry  milk  with  0.1% 
Tween  20  in  50  mmol/L  Tris-buffered  saline  (pH  7.4)  and 
incubated  overnight  at  4°C  with  antibodies  to  mGluRla, 
mGluRS,  PLOP,,  or  Gaq/11.  Affinity-purified  rabbit  polyclonal 
antibodies  to  the  C-terminal  domains  of  mGluRla  and 
mGluR5  were  used  at  a  concentration  of  0.5  |xg  IgG/mL  (Mar¬ 
tin  et  al.,  1992;  Blue  et  al.,  1997).  Affinity-purified  antipeptide 
rabbit  polyclonal  antibodies  to  PLCfS,  and  Gaq/U  were  ob¬ 
tained  from  commercial  sources  (Santa  Cruz  Biotechnology, 
Santa  Cruz,  CA,  U.S.A.)  and  were  used  at  concentrations  of  33 
or  20  ng  IgG/mL,  respectively.  In  the  same  samples,  the  levels 
of  proapoptotic  protein  Bax  were  measured,  using  commercial 
antibodies  (Santa  Cruz  Biotechnology)  at  150  ng  IgG/mL,  to 
evaluate  whether  changes  in  mGluR  signaling  proteins  are  as¬ 
sociated  with  alterations  in  cell  death  protein  levels.  After  the 
primary  antibody  incubation,  membranes  were  washed  and  in¬ 
cubated  with  peroxidase-conjugated  secondary  goat  anti-rabbit 
IgG  (0.2  p-g/mL)  for  1  hour  and  developed  with  enhanced 
chemiluminescence  (Amersham,  Piscataway,  NJ,  U.S.A.).  All 
blots  were  then  reprobed  with  synaptophysin  antibody  (Boeh- 
ringer-Mannheim)  for  a  quantitative  loading  control. 

Western  blots  were  quantified  densitometrically  to  evaluate 
brain  regional  changes  in  the  levels  of  these  proteins  in  post- 
ischemic  animals  relative  to  controls.  Films  were  scanned  using 
a  Macintosh  Adobe  Photoshop  program  and  an  Agfa  Arcus 
Plus  scanner  (Ridgefield  Park,  NJ,  U.S.A.).  Densitometric 
analysis  was  performed  using  Signal  Analytics  IP  Lab  Gel 
software  (Scanalytics,  Fairfax,  VA,  U.S.A.).  Protein  levels 
were  expressed  as  relative  optical  density  measurements,  de¬ 
termined  by  comparing  the  density  and  area  of  the  immunore- 
active  band  in  each  lane  scanned  with  control  lanes  in  the  same 
blot.  The  relative  values  for  each  animal  were  replicated  in  at 
least  four  immunoblotting  experiments.  Bax  protein  levels  and 
signal  transduction  protein  levels  were  expressed  as  percent¬ 
ages  of  control  values.  Mean  percentages  were  compared 
among  the  recovery  groups  by  a  Wilcoxon  signed  rank  test  with 
the  significance  level  set  at  P  <  0.05. 

Immunocytochemistry 

From  perfusion-fixed  dogs  (same  as  those  used  for  hema¬ 
toxylin  and  eosin  staining  and  TUNEL),  the  right  hemisphere 
was  cut  into  1-cm-thick  coronal  slabs,  ciyoprotected  in  20% 
phosphate-buffered  glycerol,  and  frozen  in  isopentane.  Fore¬ 
brain  and  cerebellar  samples  were  cut  at  40  pum  on  a  sliding 
microtome,  and  sections  were  placed  in  antifreeze  buffer  for 
storage  (-20°C)  until  immunocytochemical  processing.  A  per¬ 
oxidase  antiperoxidase  method  (Martin  et  al.,  1992;  Fotuhi  et 


al.,  1993)  was  used  to  detect  mGluRla,  mGluR5,  and  PLCp , 
immunoreactivities  in  hippocampus  and  cerebellar  cortex  of 
sham  and  ischemic  dogs.  The  polyclonal  antibodies  to  Bax 
were  not  used  for  immunocytochemical  experiments  because 
they  recognize  several  proteins  in  addition  to  the  proteins  at  21 
and  23  kDa.  Affinity-purified  goat  anti-rabbit  IgG  F(ab)2  frag¬ 
ments  (Cappel,  West  Chester,  PA,  U.S.A.)  were  used  as  sec¬ 
ondary  antibodies.  Immunoreactivity  was  visualized  with  di- 
aminobenzidene  as  chromogen.  At  least  four  sections  from 
each  brain  region  from  each  dog  in  each  experimental  group 
were  processed  concurrently  using  the  same  batches  of  reagents 
to  obviate  tissue  section  variability  in  antigen  localization.  Im¬ 
munocytochemical  negative  controls  included  omission  of  pri¬ 
mary  antibodies  and  competition  of  antibodies  with  synthetic 
peptides  corresponding  to  the  antigenic  C-terminal  domains  of 
mGluRla,  mGluR5,  and  PLCfJ,. 

RESULTS 

Twenty  dogs  were  subjected  to  20  minutes  of  global 
incomplete  cerebral  ischemia.  All  dogs  had  similar  se¬ 
verities  of  ischemia  and  were  similar  to  those  described 
previously  (Sieber  et  al.,  1995).  Epidural  temperature 
during  ischemia  was  maintained  at  normothermic  values. 
No  ischemic  dogs  were  eliminated  from  the  study,  and 
all  dogs  recovered  for  the  designated  survival  time  after 
ischemia. 

CA1  pyramidal  neuron  and  Purkinje  cell 
degeneration  overlaps  with  granule  neuron  death 
after  global  ischemia 

The  neuronal  damage  after  transient  global  incomplete 
ischemia  was  progressive,  as  evidenced  by  the  delayed 
reduction  in  neuronal  density  and  the  greater  amount  of 
ischemic  cytopathology  in  neurons  at  7  than  at  1  day 
after  ischemia  (Table  1).  At  1  day  after  ischemia,  CA1 
pyramidal  neuron  and  cerebellar  Purkinje  cell  densities 
were  not  significantly  different  from  control  values 
(Table  1).  At  7  days  after  ischemia,  43%  of  CA1  pyra¬ 
midal  cells  remained,  while  Purkinje  cell  densities  were 
78%  of  control  (Table  1).  The  percentage  of  CA1  pyra¬ 
midal  neurons  with  ischemic  cytopathology  increased 
from  13%  at  1  day  of  recovery  to  52%  at  7  days  of 
recovery  (Table  1).  In  cerebellum,  the  percentage  of  Pur¬ 
kinje  cells  with  cytopathology  was  24%  at  1  day  and 
69%  at  7  days  after  ischemia  (Table  1).  In  hematoxylin 
and  eosin  sections  of  control  animals,  background  neu¬ 
ronal  injury  (possibly  due  to  the  anesthesia,  perfusion- 


TABLE  1.  Neuropathology  in  dog  hippocampus  and  cerebellum  after  global 
incomplete  ischemia 


CA1  neurons 

Cetebellar  Purkinje  cells 

Control 

1  Day 

7  Day 

Control 

1  Day 

7  Day 

%  Neurons  remaining 
%  Neurons  damaged 

100  ±2 
2±  1 

97  ±10 

13  ±  10* 

43  ±  10f 
52  ±  10f 

100  ±8 

3  ±  2 

82  ±16 

24  ±11* 

78  ±16 
69  ±  6t 

Values  are  mean  ±  SD.  The  percent  neurons  remaining  is  percent  of  baseline  control.  The 
percent  neurons  damaged  is  the  percent  of  remaining  neurons  with  ischemic  cytopathology. 
*  Significantly  different  from  control  (P  <  0.05). 

t  Significantly  different  from  control  and  1  day  ( P  <  0.05,  Mann-Whitney  test). 
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fixation,  brain  compression  during  removal  from  the 
skull,  or  histological  processing)  was  ^3%  in  CA1  and 
cerebellum  (Table  1). 

Neurons  in  hippocampus  and  cerebellar  cortex  were 
undergoing  nuclear  DNA  fragmentation  at  1  and  7  days 
after  ischemia,  as  determined  by  TUNEL  (Figs.  2  and  3). 
In  hippocampus,  subsets  of  neurons  in  the  pyramidal  cell 
layer  of  CA1  and  CA2-superior  CA3  (CA3a)  were 
TUNEL-positive  as  well  as  subsets  of  granule  neurons  in 
the  hippocampal  dentate  gyrus.  In  CAI,  the  number  of 
TUNEL-positive  cells/nun2  was  significantly  greater  ( P 
<  0.05)  at  7  than  at  1  day,  whereas  more  dentate  gyrus 
granule  neurons  were  TUNEL-positive  at  1  than  at  7 
days  (Fig.  3).  In  cerebellar  cortex,  the  number  of 
TUNEL-positive  Purkinje  cells  at  7  days  after  ischemia 
was  approximately  twofold  higher  than  at  1  day,  whereas 
TUNEL-positive  cells  in  the  granule  cell  layer  were 
nearly  twofold  higher  at  1  than  at  7  days  (Fig.  3). 

In  pyramidal  neurons  of  hippocampus  and  in  Purkinje 
cells,  the  TUNEL-positive  nuclei  usually  had  reaction 
product  that  was  random  in  distribution,  with  irregularly 
shaped  aggregates,  or  had  uniform  and  nonaggregated 
labeling,  unlike  the  organized  spherical  clumping  or 
crescentic  capping  of  chromatin  that  was  found  in  gran¬ 
ule  neurons  (Figs.  2A  and  5F-5H)  and  is  characteristic  of 
neuronal  apoptosis  (Portera-Cailliau  et  al.,  1997a, b;  Al- 
Abdulla  et  al,  1998;  Martin  et  al.,  1999). 

In  agarose  gels,  random  (smearing)  and  intemucleo- 


FIG.  2.  Nuclear  DNA  fragmentation  in  dog  cerebellar  cortex  after 
global  incomplete  ischemia,  m,  molecular  layer;  p,  Purkinje  cell 
layer;  g,  granule  cell  layer.  (A);  At  7  days  after  ischemia,  terminal 
transferase-mediated  biotin-dUTP  nick  end-labeling  (TUNEL)- 
positive  cells  are  detected  in  the  three  layers  of  cerebellar  cortex. 
Purkinje  cells  (arrows)  and  a  subset  of  granule  neurons  (arrow¬ 
heads)  are  TUNEL-positive.  (B);  Granule  neurons  and  Purkinje 
cells  (arrows)  are  not  TUNEL-positive  in  sham  control  dog  cer¬ 
ebellum.  Bar  =  14  pm. 


A  Hippocampus 


1  day  7  days 

B  Cerebellum 


PCL  GCL  PCL  GCL 
1  day  7  days 

FIG.  3.  Quantification  of  terminal  transferase-mediated  nick  end¬ 
labeling  (TUNEL)-positive  cells  in  hippocampus  (A)  and  cerebel¬ 
lum  (B)  at  1  and  7  days  after  ischemia.  Cresyl  violet- 
counterstained  TUNEL  preparations  were  used  to  count  TUNEL- 
positive  cells  in  CAI,  CA2-superior  CA3  (CA3a),  and  dentate 
gyrus  (DG)  granule  neuron  layer  of  hippocampus  and  in  the  Pur¬ 
kinje  cell  layer  (PCL)  and  granule  cell  layer  (GCL)  of  cerebellar 
cortex.  Values  are  means  ±  SD.  Asterisks  indicate  that  the  values 
at  7  days  were  significantly  different  (P  <  0.05,  Mann-Whitney 
test)  from  corresponding  values  at  1  day. 


somal  fragmentation  of  DNA  was  detected  in  genomic 
DNA  extracts  of  dog  hippocampus  and  cerebellar  cortex 
after  ischemia  (Fig.  4,  lanes  2  and  4).  These  different 
patterns  of  DNA  degradation  coexisted,  most  promi¬ 
nently  at  7  days  after  ischemia.  The  internucleosomal 
fragmentation  was  similar  to  the  pattern  detected  during 
developmental  PCD  of  neurons  (Fig.  4,  lane  1).  No  DNA 
fragmentation  was  detected  in  control  dog  hippocampus 
and  cerebellar  cortex  (Fig.  4,  lanes  3  and  5),  and  no 
fragmentation  of  DNA  was  observed  at  6  hours  after 
ischemia  (data  not  shown). 

CAI  pyramidal  neuron  and  Purkinje  cell  death  is 
necrosis,  but  granule  neuron  death  is  apoptosis 
after  ischemia 

With  use  of  criteria  for  neuronal  apoptosis  established 
in  previous  experiments  (Portera-Cailliau  et  al.,  1997 a,b; 
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FIG.  4.  Analysis  of  DNA  fragmentation  patterns  in  dog  hippo¬ 
campus  and  cerebellar  cortex  by  agarose  gel  electrophoresis. 
Genomic  DNA  was  isolated  and  fractionated  from  ischemic  dog 
hippocampus  (lane  2)  and  cerebellar  cortex  (lane  4)  at  7  days  of 
recovery  and  from  control  dog  hippocampus  (lane  3)  and  cer¬ 
ebellar  cortex  (lane  5).  Programmed  cell  death  in  developing  rat 
retina  at  postnatal  day  19  served  as  a  positive  control  for  inter- 
nucleosomal  fragmentation  of  DNA  (lane  1).  Brackets  delineate 
intemucleosomal  fragments  (lanes  1 , 2,  and  4).  Smearing  of  DNA 
is  also  seen  in  ischemic  dog  hippocampus  and  cerebellar  cortex 
(lanes  2  and  4).  Base  pair  molecular  mass  markers  (lane  6)  are 
(top  to  bottom):  2,176,  1,766,  1,230,  1,033,  653,  517,  and  453. 


Al-Abdulla  et  al.,  1998;  Martin  et  al.,  1998,  1999),  the 
degeneration  of  CA1  pyramidal  neurons  and  Purkinje 
cells  after  ischemia  was  not  apoptosis  (Fig.  5).  The  de¬ 
generation  of  these  neurons  was  consistent  with  necrosis 
(Figs.  5A-5C).  Whereas  nuclear  pyknosis  and  chromatin 
condensation  into  irregular  clumps  were  observed  in 
these  dying  neurons,  this  pattern  was  very  dissimilar  to 
that  found  in  unequivocal  neuronal  apoptosis  (Portera- 
Cailliau  et  al.,  1997 a,b;  Al-Abdulla  et  al.,  1998;  Martin 
et  al.,  1998,  1999).  These  ultrastructural  observations  are 
consistent  with  the  hematoxylin  and  eosin  staining  and 
TUNEL  patterns  found  in  CA1  pyramidal  neurons  and 
cerebellar  Purkinje  cells,  indicating  a  nonapoptotic  struc¬ 
ture,  as  shown  previously  (Martin  et  al.,  1997a,  1998).  In 
contrast,  granule  neuron  degeneration  in  the  dentate  gy¬ 
rus  and  cerebellar  cortex  was  apoptosis  (Fig.  5D-H).  For 
example,  early  structural  changes  were  chromatin  mar- 
gination  and  crescentic  capping  of  chromatin  at  the 
nuclear  envelope  and  dispersion  of  many  ribosomes 
within  the  cytoplasm  (Fig.  5F  and  G).  These  changes 
occurred  in  the  presence  of  maintained  mitochondrial 
morphology  (Fig.  5G).  Later  in  the  progression  of  apop¬ 
tosis,  granule  neurons  underwent  condensation  of  chro¬ 


matin  into  large,  round  clumps  and  convolution  of  the 
nuclear  envelope  and  then  budding  (Fig.  5H). 

To  further  evaluate  the  presence  or  absence  of  indica¬ 
tors  for  neuronal  apoptosis  after  cerebral  ischemia,  im- 
munoblotting  was  used  to  evaluate  the  levels  of  Bax 
protein  expression  in  hippocampus  and  cerebellum.  A 
representative  immunoblot  of  Bax  expression  in  control 
and  ischemic  dogs  is  shown  in  Fig.  6.  Bax  levels  at  1  and 
7  days  after  ischemia  did  not  differ  significantly  from 
control  levels  in  homogenates  of  dorsal  hippocampus,  as 
quantified  by  comparing  the  density  and  area  of  the  im- 
munoreactive  band  in  each  lane  of  ischemic  dog  homog¬ 
enate  scanned  with  values  of  control  dog  lanes  in  the 
same  blot.  Bax  protein  levels  (in  relative  optical  density 
units,  means  ±  SD)  in  hippocampus  were  32.4  ±  6.2 
(control),  27.9  ±  8.0  (1  day  after  ischemia),  and  32.1  ± 
10.5  (7  days  after  ischemia).  In  contrast,  Bax  protein 
expression  was  significantly  ( P  <  0.05)  increased  to  128 
±  5%  of  control  cerebellum  values  at  7  days  after  isch¬ 
emia  but  not  at  1  day  after  ischemia. 

Alterations  in  metabotropic  glutamate  receptor 
signaling  pathways  occur  in  hippocampus  and 
cerebellum  after  ischemia 

In  homogenates  of  whole  septal  hippocampal  forma¬ 
tion,  mGluRla  protein  levels  (detected  as  an  immuno- 
reactive  band  at  142  kDa)  were  unchanged,  with  values 
108  and  114%  of  control  at  1  and  7  days  after  ischemia, 
respectively  (Table  2;  Fig.  7);  similarly,  mGluR5  protein 
levels  (detected  as  an  immunoreactive  band  at  148  kDa) 
were  unchanged,  with  values  105  and  1 12%  of  control  at 
1  and  7  days  of  recovery,  respectively  (Table  2;  Fig.  7). 
The  PLC^  and  GaqII  protein  levels  in  hippocampus 
were  also  not  changed  significantly  after  ischemia.  At  1 
and  7  days  after  ischemia,  PLCP,  protein  values  (de¬ 
tected  as  an  immunoreactive  80-kDa  band)  were  95  and 
122%  of  controls,  respectively,  and  GaqU  protein  values 
(detected  as  an  immunoreactive  45-kDa  band)  were  98 
and  81%  of  control  values  at  1  and  7  days  after  ischemia, 
respectively  (Table  2;  Fig.  7).  The  maintenance  of 
mGluRla,  mGluR5,  PLCPj,  and  GaqI1  protein  levels, 
notably  at  7  days  after  ischemia,  occurred  despite  neu¬ 
ronal  degeneration  and  death  in  the  dorsal  hippocampus 
(Table  1;  Figs.  2  and  3). 

In  homogenates  of  cerebellar  cortex,  mGluRla  and 
mGluR5  protein  levels  were  significantly  reduced  after 
ischemia.  mGluRla  levels  were  75  and  68%  of  controls 
at  1  and  7  days  after  ischemia,  respectively  (Table  2;  Fig. 
8),  whereas  mGluR5  was  reduced  to  22%  of  control  at  1 
day  and  then  returned  to  55%  of  control  levels  by  7  days 
(Table  2;  Fig.  8).  In  contrast,  PLC(3,  levels  in  cerebellar 
cortex  were  increased  significantly  to  173  and  213%  of 
control  at  1  and  7  days  after  ischemia,  respectively, 
whereas  Gaqll  was  reduced  to  80%  of  control  at  1  day 
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FIG.  5.  Necrosis  and  apoptosis  occur  In  distinct  populations  of  neurons  after  ischemia.  (A)  Plastic  section  (1  pm  thick)  shows  degen¬ 
erating  CA1  pyramidal  neurons  (arrows).  The  nucleus  (arrowheads)  in  these  neurons  is  dark  and  pyknotic,  and  the  cytoplasm  contains 
many  small,  clear  vacuoles  (corresponding  to  degenerating  mitochondria  and  fragmented  Golgi;  see  B)  and  dark  granules  (corresponding 
to  lysosomes).  These  changes  are  consistent  with  cellular  necrosis  (Kerr  et  at.,  1991;  Wyllie  et  al.,  1980;  Portera-Cailliau  et  al.,  19976; 
Martin  et  al.,  1998).  Bar  =  8  pm.  (B  and  C)  By  electron  microscopy,  degeneration  of  CA1  neurons  is  morphologically  necrotic.  The 
cytoplasm  of  this  representative  neuron  contains  many  swollen,  degenerating  mitochondria  (m)  and  vacuoles  (v).  The  pyknotic  nucleus 
(Nu)  contains  many  dispersed  and  irregularly  shaped  aggregates  of  chromatin  throughout  the  nucleus  (asterisks).  Area  in  brackets  is 
shown  in  C  at  higher  magnification.  Bars  =  1 .0  pm  (B)  and  0.2  pm  (C).  (D)  Granule  neuron  degeneration  in  the  hippocampal  dentate  gyrus 
after  Ischemia  is  apoptotic.  Apoptotic  granule  neurons  (arrows)  are  shrunken,  and  the  nucleus  displays  chromatin  clumping  into  dark, 
round  aggregates.  This  neurodegeneration  (arrows)  occurs  as  isolated  cells  in  a  field  of  normal  granule  neurons.  Bar  =  5  pm.  (E)  Granule 
neuron  degeneration  in  cerebellar  cortex  at  7  days  after  ischemia  is  also  apoptotic.  An  isolated  apoptotic  cerebellar  granule  neuron 
(arrow)  is  shrunken,  and  the  nucleus  contains  dark,  round  clumps  of  chromatin.  Above  this  neuron  is  an  injured  Purkinje  cell  (P)  showing 
ischemic  degeneration  of  its  dendrite  (arrowheads).  Bar  =  6  pm.  (F)  The  ultrastructure  of  granule  neuron  degeneration  is  consistent  with 
apoptosis.  At  early  morphologic  stages  of  apoptosis,  the  cytoplasm  and  the  nucleus  (Nu)  become  dark  and  condensed,  but  the  overall 
ultrastructural  integrity  of  the  neuron  is  not  disrupted,  in  contrast  to  necrosis  (cf.  B  and  C).  Apoptotic  neurons  are  isolated  from  the 
surrounding  neuropil  by  astrocytic  processes  (a).  The  chromatin  aggregates  (asterisks)  as  round  clumps  or  crescents  often  at  the 
periphery  of  the  nucleus.  Area  in  brackets  is  shown  at  higher  magnification  in  G.  Bar  =  0.6  pm.  (G)  At  higher  magnification,  the  condensed 
chromatin  (asterisk)  within  the  nucleus  (Nu)  abuts  the  nuclear  envelope  (in  contrast  to  the  random  aggregation  of  chromatin  throughout 
the  nucleus  In  necrosis;  see  B  and  C).  Cisterns  form  in  some  areas  at  the  cytoplasmic  surface  of  the  nuclear  envelope  (arrowheads).  The 
mitochondria  (m)  remain  intact  (unlike  the  swelling  and  dissolution  of  the  mitochondria  in  necrosis;  see  B  and  C)  and  are  embedded  in 
a  cytoplasmic  matrix  that  appears  striated  due  to  the  organization  of  the  cytoskeleton.  These  changes  are  typical  of  apoptosis  in  neurons 
(Portera-Cailliau  et  al.,  1997a;  Al-Abdulla  et  al.,  1998;  Martin  et  al.,  1998).  Bar  =  0.3  pm.  (H)  At  end-stage  apoptosis,  the  nucleus  (Nu) 
of  granule  neurons  shows  advanced  chromatin  condensation  into  round  and  crescentic  aggregates  (asterisks),  some  of  which  are 
extruded  from  the  nucleus  as  the  nuclear  envelope  ruptures  (arrowheads).  The  residual  cytoplasm,  containing  cytoskeletal  and  mem¬ 
branous  debris  and  only  few  vacuoles  (v),  becomes  infiltrated  or  enveloped  by  astrocytic  processes  (a).  Nearby  granule  neurons  (g) 
appear  normal.  Bar  =  1.2  pm. 
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FIG.  6.  Immunoblot  analysis  of  Bax  expression  in  mitochondria- 
enriched  subcellular  fractions  of  hippocampus  (15  pg  of  protein/ 
lane)  and  cerebellar  cortex  (12  pg  of  protein/lane)  from  sham 
control  (c)  and  ischemic  dogs  at  1  day  (1  d)  and  7  days  (7  d)  of 
recovery.  In  hippocampus,  Bax  levels  are  unchanged  at  1  and  7 
days  after  ischemia.  In  cerebellar  cortex,  Bax  levels  are  in¬ 
creased  at  7  days  afer  ischemia. 


and  then  returned  to  control  levels  by  7  days  (Table  2; 

Fig.  8). 

The  maintenance  of  some  protein  levels  in  regional 
homogenates,  despite  neuronal  degeneration,  suggested 
the  possibility  that  changes  occur  in  the  cellular  local¬ 
ization  of  mGluRla,  mGluR5,  and  PLC(3j  after  isch¬ 
emia.  We  used  immunocytochemistiy  to  determine  the 
localization  of  mGluRla,  mGIuR5,  and  PLCPj  in  hip¬ 
pocampus  and  cerebellum.  In  control  dog  hippocampus, 
mGluRla  is  localized  primarily  within  the  stratum 
oriens  of  CA1  and  in  the  dentate  gyrus  hilus,  with  only 
faint  immunolabeling  of  granule  cells  (Fig.  9A).  This 
pattern  of  mGluRla  localization  in  dog  hippocampus  is 
similar  to  the  pattern  shown  in  rat  brain  (Martin  et  al., 
1992).  In  ischemic  dogs,  granule  cell  immunolabeling  is 
augmented  compared  with  controls  (Fig.  9B),  whereas 
the  intensity  of  mGluRla  immunoreactivity  in  the  neu¬ 
ropil  of  CA1  is  diminished.  In  control  dogs,  mGluR5  is 
highly  enriched  in  CA1  pyramidal  cell  bodies  and  in  the 
neuropil  of  stratum  oriens  and  stratum  radiatum  (corre¬ 
sponding  to  the  dendritic  fields  of  CA1  pyramidal  neu¬ 
rons),  whereas  dentate  gyrus  granule  neurons  are  less 
intensely  immunoreactive  than  CA1.  After  ischemia, 
mGluR5  immunoreactivity  in  the  CA1  pyramidal  cell 
body  and  dendritic  layers  is  reduced  as  compared  with 
controls,  but  the  dentate  gyrus  molecular  layer,  subicu- 
lum,  and  parahippocampal  gyrus  are  more  intensely  im- 
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FIG.  7.  Immunoblot  analysis  of  metabotropic  glutamate  receptor 
(mGluR)  la  (mRI),  mGluR5  (mR5),  phospholipase  Cp  (PLCp), 
and  Ga^,,,  proteins  in  synaptic  membrane  fractions  (10  pg  of 
protein/lane)  of  hippocampus  from  sham  control  (c)  and  ischemic 
dogs  at  1  day  (1  d)  and  7  days  (7  d)  of  recovery.  Blots  were 
probed  for  synaptophysin  (p38)  as  a  loading  control. 


munoreactive  compared  with  control  (data  not  shown). 
In  normal  hippocampus,  PLCP]  is  highly  enriched  in  cell 
bodies  and  proximal  dendrites  of  pyramidal  neurons  and 
in  the  neuropil  of  CA1  (Fig.  9C)  and  is  localized  less 
intensely  in  the  granule  cells  of  the  dentate  gyrus  (Fig. 
9E).  After  ischemia,  PLCp1  immunoreactivity  is  lost  in 
the  pyramidal  cell  body  and  dendritic  (radiatum)  layers 
of  CA1  (Fig.  9D);  in  contrast,  PLCPj  immunoreactivity 
is  increased  in  the  granule  cell  and  molecular  layers  of 
the  dentate  gyrus  (Fig.  9F)  and  in  other  locations  corre¬ 
sponding  to  the  distribution  of  the  perforant  path  (not 
shown),  suggesting  an  augmented  presynaptic  localiza¬ 
tion  of  PLCPi  after  ischemia. 

In  control  dog  cerebellar  cortex,  mGluRla  is  enriched 
in  the  neuropil  of  the  molecular  layer  and  in  Purkinje  cell 
bodies,  but  in  the  granule  cell  layer,  occasional  Golgi 
type  II  cells  are  immunoposxtive  and  granule  cells  are 
only  weakly  immunoreactive  for  mGluRla  (Fig.  9G). 
This  pattern  of  mGluRla  localization  in  dog  cerebellum 


TABLE  2.  Quantitative  immunoblot  analysis  of  phosphoinositide-linked  mGluR  signal  transduction  proteins  after  global 

incomplete  ischemia 


Hippocampus 

Cerebellar  cortex 

Control 

1  Day 

7  Days 

Control 

1  Day 

7  Days 

mGluRla 

164.4  ±  10.8 

177.5  ±0.4 

187.1  ±5.3 

38.7  ±11.6 

29.2  ±4.0* 

26.1  ±4.4* 

mGluRS 

148.6  ±6.6 

(108%) 

156.3  ±  10.0 

(114%) 

166.0  ±16.9 

60.3  ±21.2 

(75%) 

13.3  ±8.5* 

(68%) 

32.9  ±11.3* 

PLC0 

78.4  ±  16.5 

(105%) 

74.2  ±  8.2 

(112%) 

95.9  ±26.0 

44.3  ±  5.0 

(22%) 

76.9  ±6.8* 

(55%) 

94.3  ±  3.8* 

G«q/U 

123.8  ±  20.4 

(95%) 

121.4  ±1.0 

(122%) 

99.9  ±  7.5 

110.3  ±0.3 

(173%) 

87.7  ±  12.6* 

(213%) 
104.5  ±21.9 

(98%) 

(81%) 

(80%) 

(95%) 

Values  are  mean  ±  SD  of  the  relative  optical  density  measurements  of  the  immunoreactive  bands  at  the  appropriate  molecular  mass.  Numbers  in 
parentheses  are  percent  of  control  value, 

*  Indicates  significantly  different  from  control  (P  <  0.05,  Wilcoxon  signed  rank  test). 
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FIG.  8.  Immunoblot  analysis  of  metabotropic  glutamate  receptor 
(mGluR)  la  (mRI),  mGluR5  (mR5),  phospholipase  Cp  (PLCp), 
and  Ga^,,  proteins  in  synaptic  membrane  fractions  (10  pg  of 
protein/lane)  of  cerebellar  cortex  from  sham  control  (c)  and  isch¬ 
emic  dogs  at  1  day  (1  d)  and  7  days  (7  d)  of  recovery.  Blots  were 
probed  for  synaptophysin  (p38)  as  a  loading  control. 

is  similar  to  the  pattern  shown  in  rat  brain  (Martin  et  al., 
1992).  After  ischemia,  mGluR  la  immunoreactivity  is 
reduced  in  the  neuropil  of  the  molecular  layer  but  is 
increased  in  the  granule  cell  layer  (Fig.  9H).  Like 
mGluR  la,  mGluR5  staining  in  the  cerebellum  was  less 
intense  in  the  molecular  layer  after  ischemia  compared 
with  control  (data  not  shown).  The  PLCp,  level  in  con¬ 
trol  cerebellum  is  highly  enriched  in  Purkinje  cell  bodies 
and  dendrites  extending  throughout  the  molecular  layer, 
which  also  contains  diffuse  neuropil  immunoreactivity, 


FIG.  9.  Alterations  occur  in  the  regional  and  cellular  localization 
of  metabotropic  glutamate  receptor  (mGluR)  la  and  phospholi¬ 
pase  Cp  (PLCp)  in  hippocampus  and  cerebellar  cortex  at  7  days 
after  global  ischemia  in  dog.  Photomicrographs  on  the  left  (A,  C, 
E,  G,  and  I)  are  from  control  dogs,  and  photomicrographs  on  the 
right  (B,  D,  F,  H,  and  J)  are  from  ischemic  dogs.  The  varying 
shades  of  darkness  in  these  black-and-white  photomicrographs 
reflect  the  Intensity  of  immunoreactivity.  In  hippocampal  dentate 
gyms  afer  ischemia  (B),  granule  cells  (arrowheads)  show  in¬ 
creased  mGluRla  immunoreactivity  as  compared  with  normal 
dogs  (A),  m,  molecular  layer;  g,  granule  cell  layer.  Bar  (A)  =  7  pm. 
In  CA1  afer  ischemia  (D),  PLCp  immunoreactivity  is  reduced  in 
the  pyramidal  cell  body  layer  (p)  and  in  the  apical  dendritic  layer 
(stratum  radiatum;  r)  as  compared  with  controls  (C).  Bar  (C)  =  33 
pm.  In  hippocampal  dentate  gyms  after  ischemia  (F),  granule 
cells  in  the  granule  cell  layer  (g)  and  the  neuropil  of  the  molecular 
layer  (m)  have  Increased  PLCp  immunoreactivity  as  compared 
with  nonischemic  dogs  (E).  Bar  (E)  =  16  pm.  In  the  cerebellar 
cortex  of  postischemlc  dogs  (H)  compared  with  control  dogs  (G), 
mGluRla  immunoreactivity  is  diminished  in  the  molecular  layer 
(m),  corresponding  to  a  reduction  In  immunoreactive  dendrites  of 
Purkinje  cells.  In  contrast,  mGluRla  immunoreactivity  in  granule 
cells  (g)  Is  markedly  Increased  after  ischemia.  Bar  (G)  =  18  pm. 
In  the  cerebellar  cortex  of  postischemlc  dogs  (J),  immunoreac¬ 
tivity  for  PLCp  Is  enhanced  in  both  the  molecular  layer  (m)  and 
the  granule  cell  layer  (g)  as  compared  with  nonischemic  dogs  (I). 
Bar  (I)  =  18  pm. 
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and  the  granule  cell  layer  is  not  uniformly  immunoreac- 
tive  (Fig.  91).  After  ischemia,  PLCp,  immunoreactivity 
is  increased  in  the  neuropil  of  the  molecular  layer  and  in 
granule  cells,  whereas  Purkinje  cell  labeling  for  PLC0, 
is  prominently  decreased  (Fig.  9J). 

DISCUSSION 

These  experiments  demonstrate  that  global  ischemia 
results  in  two  temporally  overlapping,  but  distinct,  forms 
of  neuronal  cell  degeneration:  necrosis  of  selectively  vul¬ 
nerable  neurons  (CA1  pyramidal  neurons  and  cerebellar 
Purkinje  cells)  and  apoptosis  of  granule  neurons  in  den¬ 
tate  gyrus  and  cerebellum.  Neuronal  cell  death  in  these 
regions  is  accompanied  by  differential  changes  in  phos- 
phoinositide-linked  mGluR  transduction  mechanisms. 
Necrosis  of  CA1  neurons  and  Purkinje  cells  occurs  in 
association  with  a  loss  of  PLC-coupled  mGluR  signaling 
proteins,  whereas  apoptosis  of  granule  neurons  occurs  in 
association  with  increases  in  proteins  involved  in  PLC- 
coupled  mGluR  signaling. 

Ischemic  delayed  degeneration  of  selectively 
vulnerable  neurons  is  necrosis 

The  CA1  neurons  undergo  selective  DND  after  isch¬ 
emia  in  rodents  (Ito  et  al.,  1975;  Kirino,  1982)  and  in 
dogs  (Sato  et  al.,  1990).  The  DND  of  cerebellar  Purkinje 
cells  is  not  studied  commonly  in  rodent  forebrain  models 
of  ischemia,  but  our  study  in  dogs  provided  a  novel  op¬ 
portunity  to  compare  similarities  among  neuronal  degen¬ 
eration  in  hippocampus  and  cerebellum  after  ischemia. 
Our  results  show  that  ischemic  delayed  degeneration  of 
CA1  pyramidal  neurons  and  cerebellar  Purkinje  cells  is 
similar  structurally.  The  same  conclusion  has  been  made 
using  a  model  of  global  complete  ischemia  in  cats  (Mar¬ 
tin  et  al.,  1998).  Furthermore,  our  data  demonstrate  that 
the  DND  of  selectively  vulnerable  neurons  following 
global  ischemia  is  cellular  necrosis  rather  than  apoptosis 
or  a  hybrid  of  apoptosis  and  necrosis.  This  degeneration 
of  CA1  pyramidal  neurons  and  Purkinje  cells  after  isch¬ 
emia  is  very  distinct  from  neuronal  apoptosis  (Portera- 
Cailliau  et  al.,  1997a;  Al-Abdulla  et  al.,  1998;  Martin  et 
al.,  1998,  1999);  it  is  also  distinct  from  non-NMDA 
GluR-mediated  excitotoxic  neuronal  apoptosis  (Portera- 
Cailliau  et  al.,  1997/?;  Martin  et  al.,  1998),  but  it  is  very 
similar  to  NMDA  receptor-mediated  excitotoxic  neuro¬ 
nal  necrosis  (Portera-Cailliau  et  al.,  1997/?;  Martin  et  al., 
1998;  Ginsberg  et  al.,  1999).  Both  the  nucleus  and  the 
cytoplasm  undergo  ultrastructural  perturbations  consis¬ 
tent  with  cellular  necrosis,  with  the  main  features  being 
irregular  clumping  of  chromatin,  swelling  and  degenera¬ 
tion  of  organelles,  extensive  cytoplasmic  vacuolation, 
destruction  of  plasma  membrane  integrity,  and  eventual 
dissolution  of  the  cell.  Moreover,  dying  CA1  neurons  do 
not  bud  to  form  discrete,  round  nuclear  fragments,  as  in 
apoptosis  (cf.  Fig.  4C  and  H)  (Wyllie  et  al.,  1980;  Kerr 


and  Harmon,  1991;  Martin  et  al.,  1998).  The  nuclear 
pyknosis  with  condensation  of  chromatin  into  many 
small,  irregularly  shaped  clumps  in  ischemic  neurons 
contrasts  with  the  formation  of  few,  uniformly  dense, 
and  regularly  shaped  chromatin  aggregates  that  occurs  in 
neuronal  apoptosis  (Portera-Cailliau  et  al.,  1997a;  Al- 
Abdulla  et  al.,  1998;  Martin  et  al.,  1998,  1999). 

The  cell  plasma  membrane  and  cytoplasmic  organelles 
are  damaged  in  necrotic  neurons  after  ischemia.  The  im- 
munocytochemically  identified  loss  of  mGluR-PLC  sig¬ 
naling  proteins  in  hippocampal  pyramidal  neurons  in 
CA1  and  Purkinje  cells  (as  well  as  the  loss  of  immuno- 
labeling  in  their  dendritic  fields)  is  consistent  with 
plasma  membrane  damage.  The  mitochondria  swell  and 
the  inner  mitochondrial  membrane  undergoes  cristaeoly- 
sis.  These  mitochondrial  abnormalities  have  been  dem¬ 
onstrated  in  cellular  necrosis  (Laiho  et  al.,  1971;  Laiho 
and  Trump,  1975)  and  can  be  produced  when  plasma 
membrane  function  and  ATP  synthesis  are  impaired 
(Laiho  and  Trump,  1975).  Our  observations  are  also  con¬ 
sistent  with  previous  findings  showing  that  organelles 
that  function  in  protein  synthesis  and  posttranslational 
modification  become  structurally  abnormal  early  in  the 
course  of  ischemic  neurodegeneration  and  are  persis¬ 
tently  abnormal  during  the  process  of  neurodegeneration 
(Kirino  et  al.,  1984;  Martin  et  al.,  1998).  These  structural 
changes  are  consistent  with  the  finding  that  total  protein 
synthesis  is  severely  reduced  by  6  hours  after  transient 
global  forebrain  ischemia  and  is  reduced  persistently  in 
CA1  neurons,  with  the  vast  majority  of  pyramidal  neu¬ 
rons  never  regaining  their  normal  biosynthetic  activity 
(Thilmann  et  al.,  1986;  Araki  et  al.,  1990;  Johansen  and 
Diemer,  1990;  Furuta  et  al.,  1993).  Cytoskeletal  disinte¬ 
gration  also  occurs  early  after  ischemia,  particularly  in 
dendrites,  before  the  degeneration  of  neuronal  cell  bodies 
(Kitagawa  et  al.,  1989;  Yamamoto  et  al.,  1990).  This 
rapid  disassembly  and  proteolysis  of  the  cytoskeleton 
after  ischemia  (Kitagawa  et  al.,  1989)  contrast  with  the 
organized  structure  of  the  cytoskeleton  and  the  cytoskel¬ 
etal  accumulation  in  neurons  undergoing  apoptosis  (see 
Fig.  4G)  (Al-Abdulla  et  al.,  1998;  Martin  et  al.,  1998, 
1999). 

Nevertheless,  previous  studies  have  suggested  that 
DND  in  hippocampus  is  apoptosis.  The  first  observa¬ 
tion  suggesting  this  possibility  was  the  finding  that 
systemic  treatment  with  protein  synthesis  inhibitors 
protected  against  CA1  neuron  loss  after  global  isch¬ 
emia  (Goto  et  al.,  1990;  Shigeno  et  al.,  1990),  although 
the  hypothermic  effects  of  protein  synthesis  inhibitors 
were  not  considered.  However,  other  experiments  have 
shown  that  protein  and  RNA  synthesis  inhibitors  do 
not  ameliorate  postischemic  DND  in  CA1  and  that  this 
neurodegeneration  is  not  PCD  (Deshpande  et  al.,  1992). 
More  recent  studies  have  focused  on  DNA  fragmenta¬ 
tion.  By  in  situ  DNA  end-labeling  methods,  many  studies 
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have  shown  that  selectively  vulnerable  populations  of 
neurons  undergo  nuclear  DNA  fragmentation  after 
global  cerebral  ischemia  in  the  adult  brain  (Heron  et  al., 
1993;  MacManus  et  al.,  1995;  Nitatori  et  al.,  1995). 
However,  in  situ  end-labeling  methods  for  DNA  fail  to 
discriminate  among  apoptotic  and  necrotic  cell  deaths 
(Grasl-Kraupp  et  al.,  1995;  Portera-Cailliau  et  al.,  19976; 
Martin  et  al.,  1998)  and  can  also  detect  DNA  fragments 
during  DNA  synthesis  (Lockshin  and  Zakeri,  1994); 
thus,  these  results  per  se  cannot  be  interpreted  as  solely 
apoptosis.  DNA  integrity  after  global  ischemia  in  adult 
brain  has  also  been  studied  by  gel  electrophoresis.  In 
DNA  extracts  of  adult  rat  or  gerbil  brain,  intemucleoso- 
mal  fragmentation  has  been  found  after  transient  global 
forebrain  ischemia  and  has  been  interpreted  as  apoptosis 
occurring  by  PCD  mechanisms  (Okamoto  et  al.,  1993; 
H6ron  et  al.,  1993;  MacManus  et  al.,  1995;  Nitatori  et  al., 
1995;  Bhat  et  al.,  1996).  However,  it  is  also  uncertain 
whether  intemucleosomal  DNA  fragmentation  is  specific 
for  apoptosis,  because  it  occurs  in  ischemic  liver  necrosis 
(Fukuda  et  al.,  1993),  in  NMDA  receptor-mediated  ex- 
citotoxic  neuronal  necrosis  in  adult  brain  (Portera- 
Cailliau  et  al.,  \991b)  and  in  culture  (Gwag  et  al.,  1997; 
Sohn  et  al.,  1998),  and  in  cells  undergoing  necrosis  in¬ 
duced  by  calcium  ionophores  and  heat  shock  (Collins  et 
al.,  1992).  The  analysis  of  DNA  fragmentation  patterns 
(and  protein  levels)  in  brain  extracts  is  further  con¬ 
founded  by  tissue  homogenization  of  heterogeneous  cell 
systems,  which  precludes  the  evaluation  of  cell  death  on 
a  cell-by-cell  basis.  Nonneuronal  cells  (e.g.,  astrocytes, 
oligodendrocytes,  inflammatory  cells,  and  vascular  cells) 
also  die  following  central  nervous  system  injury,  includ¬ 
ing  ischemia-reperfusion  and  axotomy-target  depriva¬ 
tion,  and  some  of  these  nonneuronal  cells  die  apoptoti- 
cally  (Martin  et  al.,  1997a,  1998;  Al-Abdulla  et  al., 
1998).  The  interpretation  of  DNA  fragmentation  data  is 
limited  by  the  specificity  and  the  caveats  of  the  assay 
system,  and,  as  concluded  in  previous  studies  (Kerr  and 
Harmon,  1991;  Collins  et  al.,  1992;  Portera-Cailliau  et 
al.,  1997b;  Martin  et  al.,  1998),  cell  structure  is  still  the 
best  indicator  for  classifying  cell  death  in  vivo.  In  our 
experiments,  we  found  coexisting  random  and  intemu¬ 
cleosomal  DNA  fragmentation,  and  we  attribute  these 
different  patterns  to  necrosis  of  pyramidal  neurons  and 
Purkinje  cells  and  apoptosis  of  granule  neurons  within 
these  regions.  Our  electron  microscopic  data  support  this 
conclusion. 

This  and  previous  ultrastructural  studies  illustrate  that 
ischemic  neurodegeneration  in  selectively  vulnerable  re¬ 
gions  is  not  apoptosis  (Kirino,  1982;  Kirino  and  Sano, 
1984;  Kirino  et  al.,  1984;  Deshpande  et  al.,  1992;  Martin 
et  al.,  1998).  These  studies  demonstrate  that  ischemic 
neurodegeneration  has  the  typical  features  of  cellular  ne¬ 
crosis,  consistent  with  the  acute  parenchymal  cell  death 
found  in  other  organs  after  ischemia  (Wyllie  et  al.,  1980). 


Yet,  other  studies  with  electron  microscopic  data  have 
asserted  that  DND  of  CA1  pyramidal  neurons  after  isch¬ 
emia  is  apoptosis  (Nitatori  et  al.,  1995),  although  unam¬ 
biguous  ultrastructural  evidence  of  apoptosis  in  these 
neurons  in  the  adult  brain  has  not  been  demonstrated. 
This  discrepancy  regarding  whether  DND  fits  the  pattern 
of  apoptosis  is  likely  to  be  due  to  differences  in  criteria 
for  identifying  neuronal  apoptosis  and  to  the  detail  of  the 
electron  microscopic  analysis.  Alternatively,  DND  after 
ischemia  may  fall  along  a  structural  and  mechanistic  ap¬ 
optosis-necrosis  continuum  (MacManus  et  al.,  1995; 
Portera-Cailliau  et  al.,  1997a, b;  Martin  et  al.,  1998).  For 
example,  GluR-mediated  excitotoxic  death  of  neurons 
occurs  along  an  apoptosis-necrosis  continuum,  and  the 
structure  of  excitotoxic  neuronal  degeneration  is  influ¬ 
enced  by  the  subtype  of  GluR  that  is  activated  (Portera- 
Cailliau  et  al.,  1997a,  b).  In  the  adult  rat  brain,  the  de¬ 
generation  of  neurons  caused  by  NMDA  receptor  acti¬ 
vation  is  structurally  necrotic;  however,  the  neuronal 
death  produced  by  non-NMDA  GluR  activation  is  dis¬ 
tinct  from  that  caused  by  NMDA  receptor  stimulation. 
This  non-NMDA  receptor-mediated  neuronal  death  in 
adult  brain  has  some  cytoplasmic  and  nuclear  features 
reminiscent  of  neuronal  apoptosis  (Portera-Cailliau  et  al., 
1997b).  Thus,  like  non-NMDA  GluR-mediated  excito- 
toxicity,  DND  after  ischemia  could  be  a  hybrid  of  apop¬ 
tosis  and  necrosis,  with  the  death  of  these  neurons  not 
strictly  apoptosis  or  necrosis,  according  to  a  traditional 
binary  classification  of  cell  death,  but  occurring  as  inter¬ 
mediate  or  hybrid  forms  with  coexisting  characteristics 
that  lie  along  a  structural  continuum  with  apoptosis  and 
necrosis  at  the  extremes.  Because  this  continuum  is  in¬ 
fluenced  by  the  subtype  of  glutamate  receptor  that  is 
activated,  DND  after  ischemia  may  not  be  identical  in 
every  neuron,  possibly  because  of  the  high  diversity  in 
the  expression,  localization,  and  function  of  GluR  sub- 
types  or  the  diversity  in  second  messenger  systems  in  the 
central  nervous  system.  Surprisingly,  however,  we  did 
not  find  ultrastructural  evidence  that  ischemic  DND  re¬ 
sembles  non-NMDA  GluR-mediated  excitotoxic  neuro¬ 
nal  death,  but  rather  it  is  structurally  very  similar  to 
NMDA  receptor-mediated  excitotoxic  necrosis  (Portera- 
Cailliau  et  al.,  1997a, b;  Martin  et  al.,  1998). 

Granule  neurons  undergo  apoptosis  after  ischemia 
The  degeneration  of  granule  neurons  in  dentate  gyrus 
and  cerebellum  after  global  ischemia  sharply  contrasts 
with  the  degeneration  of  CA1  neurons  and  Purkinje  cells. 
Granule  neuron  death  after  ischemia  closely  resembles 
apoptosis.  Thus,  granule  neurons  provide  an  internal 
standard  for  classic  apoptosis  with  which  CA1  pyramidal 
neuron  and  cerebellar  Purkinje  cell  degeneration  after 
ischemia  can  be  compared  to  demonstrate  that  the  death 
of  these  latter  neurons  is  not  apoptosis.  As  with  apoptosis 
in  nonneuronal  tissues  (Kerr  and  Harmon,  1991),  in  de- 
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veloping  brain  during  naturally  occurring  PCD  of  neu¬ 
rons  (Portera-Cailliau  et  al.,  1997a),  and  in  some  neuro¬ 
nal  groups  after  axotomy-target  deprivation  (Al- Abdulla 
et  al.,  1998;  Martin  et  al.,  1999),  apoptosis  of  granule 
neurons  was  characterized  morphologically  by  nuclear 
and  cytoplasmic  condensation.  The  most  prominent  al¬ 
terations  were  condensation  of  chromatin  into  few,  large, 
round  clumps  or  crescentic  caps,  aggregation  and  lami¬ 
nation  of  the  cytoskeleton,  and  cellular  shrinkage.  Mem¬ 
branous  organelles,  including  mitochondria,  remained 
intact  until  the  late  stages  of  apoptosis.  Neurodegenera¬ 
tion  after  global  ischemia  involves  entire  neural  systems, 
and  neuronal  connectivity  as  well  as  metabolic  factors 
possibly  dictate  the  pattern  of  selective  vulnerability 
(Martin  et  al.,  1997b).  Granule  neuron  death  may  be  a 
direct  consequence  of  the  ischemia,  or  it  may  be  second¬ 
ary  to  necrotic  degeneration  of  hippocampal  pyramidal 
neurons  and  cerebellar  Purkinje  cells  and  thus  is  a  form 
of  target  deprivation-induced  apoptosis  (Martin  et  al., 
1998,  1999;  Al-Abdulla  et  al.,  1998),  because  the  targets 
of  dentate  granule  neurons  include  hippocampal  pyrami¬ 
dal  neurons  and  the  targets  of  cerebellar  granule  neurons 
are  Purkinje  cells.  This  possibility  is  supported  by  in 
vitro  studies  showing  that,  in  response  to  serum  depri¬ 
vation,  cerebellar  granule  neurons  undergo  transcription- 
dependent  apoptosis  (D’Mello  et  al.,  1993;  Watson  et  al., 
1998)  by  activation  of  a  pathway  involving  c-Jun  phos¬ 
phorylation  (Watson  et  al.,  1998).  Similar  mechanisms 
seem  to  be  operative  in  a  related  in  vitro  paradigm  (i.e., 
low  potassium)  of  cerebellar  granule  neuron  apoptosis 
(D’Mello  et  al.,  1993;  Watson  et  al.,  1998),  and,  inter¬ 
estingly,  activation  of  phosphoinositide-linked  mGluRs 
blocks  this  neuronal  apoptosis  (Copani  et  al.,  1995). 
Thus,  augmented  mGluR  expression  in  cerebellar  and 
hippocampal  granule  neurons  after  cerebral  ischemia 
may  signify  a  physiological  attempt  at  neuroprotection 
rather  than  an  event  mediating  the  apoptosis. 

Contribution  of  programmed  cell  death  mechanisms 
in  ischemic  neurodegeneration 

Gene  products  that  regulate  PCD  of  mammalian  cells 
have  been  studied  after  ischemia.  Bax  mRNA  is  in¬ 
creased  in  both  vulnerable  and  less  vulnerable  regions 
after  ischemia  (Chen  et  al.,  1996).  Changes  in  mRNA 
after  cerebral  ischemia  are  difficult  to  interpret  in  light  of 
damage  to  organelles  that  function  in  protein  synthesis 
and  posttranslational  processing,  thereby  potentially  ren¬ 
dering  the  translation  and  formation  of  mature  products 
inefficient.  By  immunoblotting,  Bax  protein  in  hippo¬ 
campus  is  increased  transiently  at  6  hours  after  ischemia 
but  then  returns  to  control  levels  (Krajewski  et  al.,  1995). 
We  found  no  changes  in  Bax  protein  levels  in  hippocam¬ 
pus  at  1  and  7  days  after  ischemia,  but  we  observed  an 
increase  in  Bax  in  cerebellum  at  7  days  after  ischemia.  A 
possible  explanation  for  a  lack  of  detection  of  changes  in 


Bax  protein  levels  in  hippocampus  by  immunoblotting  is 
that  apoptotic  death  of  dentate  gyrus  granule  neurons  is 
less  frequent  than  granule  neuron  death  in  cerebellum 
(see  Fig.  3).  Also,  granule  neurons  compose  a  greater 
population  of  cells  in  cerebellum  than  in  hippocampus 
(West  et  al.,  1991;  Korbo  et  al.,  1993).  However,  a  sus¬ 
tained  postischemic  increase  in  Bax  protein  levels  has 
been  shown  in  hippocampus  but  not  cerebellum  (Chen  et 
al.,  1996),  although  the  contributions  of  different  cells  to 
this  observation  have  not  been  identified.  Important  in 
this  regard  is  the  finding  that  mRNA  and  protein  levels 
for  the  proapoptotic  cysteine  protease  ICE  interleukin- 1 
converting  enzyme  (caspase-1)  are  increased  in  hippo¬ 
campus  after  global  ischemia  in  gerbils,  but  this  change 
is  associated  with  inflammatory  cells  rather  than  selec¬ 
tively  vulnerable  CA1  pyramidal  neurons  (Bhat  et  al., 
1996).  In  addition,  after  global  ischemia  in  rat,  caspase-3 
mRNA  levels  are  progressively  elevated  in  CA1  at  24  to 
72  hours,  although  most  of  the  neurons  are  already  lost 
by  72  hours,  whereas  caspase-3  mRNA  is  transiently 
elevated  in  dentate  gyrus  granule  cells  at  8  hours  after 
ischemia  (Chen  et  al.,  1998).  This  latter  pattern  would  be 
more  consistent  with  a  role  for  caspase-3  in  the  granule 
neuron  apoptosis  that  we  have  identified.  On  the  other 
hand,  Bcl-2  overexpression  in  transgenic  mice  reduces 
hippocampal  pyramidal  neuron  degeneration  after  global 
ischemia  (Kitagawa  et  al.,  1998),  although  this  effect  of 
Bcl-2  cannot  yet  be  specifically  ascribed  to  antiapoptotic 
activity,  because  this  protein  has  additional  functions  in 
injured  neurons  (Chen  et  al.,  1997).  It  is  still  uncertain, 
however,  whether  the  absence  of  a  classic  apoptotic 
structure  in  selectively  vulnerable  neurons  after  ischemia 
is  sufficient  evidence  to  exclude  the  possibility  that  PCD 
may  be  operative,  because  all  forms  of  PCD  may  not 
occur  via  apoptosis  (Schwartz  et  al.,  1993). 

Metabotropic  glutamate  receptor  signaling 
pathways  after  ischemia 

The  distinct  forms  of  degeneration  in  different  popu¬ 
lations  of  hippocampal  and  cerebellar  neurons  after  isch¬ 
emia  were  accompanied  by  differential  changes  in  pro¬ 
teins  involved  in  phosphoinositide-coupled  mGluR 
signal  transduction.  These  changes  were  more  easily 
identified  by  immunocytochemistry  rather  than  by  im¬ 
munoblotting  (except  for  PLC(3  in  cerebellum),  perhaps 
because  of  overlapping  and  differential  contributions  of 
distinct  populations  of  neurons  that  are  not  divisible  in 
gel  analyses  of  regional  homogenates.  Necrosis  of  CA1 
neurons  and  Purkinje  cell  is  associated  with  a  loss  of 
mGluRs  and  PLC(3.  In  contrast,  apoptosis  in  granule  cell 
populations  in  hippocampus  and  cerebellum  is  paralleled 
by  increased  expression  of  these  proteins.  Our  results  are 
consistent  with  the  reported  loss  of  mGluR  1  and 
mGluR5  mRNA  in  CA1  after  global  ischemia  (Iversen  et 
al.,  1994).  This  observation  is  not  surprising  when  con- 
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sidering  the  postsynaptic,  somatodendritic  localization  of 
these  proteins  (Martin  et  al.,  1992;  Blue  et  al.,  1997)  and 
the  rapid  damage  to  dendritic  membranes  and  the  cyto- 
skeletal  proteolysis  that  occur  in  these  neurons  after  isch¬ 
emia  (Kitagawa  et  al.,  1989;  Yamamoto  et  al.,  1990). 
These  abnormalities  further  support  our  conclusion  that 
hippocampal  pyramidal  neurons  and  Purkinje  cells  un¬ 
dergo  necrosis  after  ischemia.  In  contrast,  in  granule  neu¬ 
rons  of  dentate  gyrus  and  cerebellum,  immunoreactivity 
for  mGluRs  and  PLC0  is  enhanced.  This  finding  is  con¬ 
sistent  with  the  concept  that  apoptosis  results  from  the  de 
novo  expression  or  activation  of  a  PCD  program  (Sen, 
1992),  but  it  is  not  clear  whether  changes  in  PLC- 
coupled  mGluRs  participate  directly  in  the  mechanisms 
for  apoptosis  in  these  neurons  or  whether  these  changes 
reflect  the  activation  of  compensatory  survival  signaling 
pathways  (Copani  et  al.,  1995). 

The  possible  roles  for  PLC-coupled  mGluRs  in  the 
mechanisms  for  necrotic  degeneration  of  selectively  vul¬ 
nerable  neurons  after  ischemia  are  uncertain.  Activation 
of  mGluRs  is  necessary  for  Purkinje  cell  survival  in  vitro 
(Mount  et  al.,  1993)  and  protects  neurons  from  oxidative 
stress  (Sagara  and  Schubert,  1998).  Thus,  a  loss  of  so¬ 
matodendritic  phosphoinositide-linked  mGluRs  in  Pur¬ 
kinje  cells  and  CA1  neurons  may  have  a  role  in  the 
necrosis  of  these  neurons  after  ischemia.  Alternatively, 
this  loss  is  possibly  a  consequence  of  necrotic  degenera¬ 
tion  of  these  neurons.  It  is  possible  that  augmented  ac¬ 
tivity  of  PLC-coupled  mGluR  signal  transduction  pro¬ 
teins  does  not  participate  in  the  primary  mechanisms  for 
DND  of  CA1  pyramidal  neurons  and  cerebellar  Purkinje 
cells  after  ischemia.  This  conclusion  is  supported  by  the 
finding  that  neither  pharmacological  blockade  of 
mGluRs  nor  ablation  of  tire  mGluR  1  gene  reduces  isch¬ 
emic  and  excitotoxic  brain  injury  in  vivo  (Ferraguti  et  al., 
1997).  However,  other  observations  suggest  that  endog¬ 
enous  activation  of  mGluR  1  contributes  to  ischemic  and 
excitotoxic  neuronal  degeneration  (Bruno  et  al.,  1999). 
Additional  work  is  necessary  to  precisely  identify  the 
role  of  mGluR  signaling  in  neurodegeneration  after  isch¬ 
emia. 
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GLOSSARY 

astrocyte  A  class  of  nonneuronal  glial  cell  in  the  central  nervous 
system  that  has  long,  radial  processes  that  ensheathe  neurons  and 
synaptic  complexes,  regulate  the  extracellular  chemical  and  ionic 
environment,  and  secrete  brain  peptides,  growth  factors,  cytokines, 
and  chemokines. 

central  nervous  system  The  brain  and  spinal  cord, 
chemokine  A  chemoattractant  small  peptide  or  protein  cytokine. 

cytokine  Extracellular  signaling  peptide  or  protein  that  acts  as  a 
local  mediator  in  cell-cell  communication. 

glial  cell  Nonneuronal  cell  in  the  nervous  system  (e.g.,  astrocyte, 
oligodendrocyte,  microglial  cell,  and  Schwann  cell). 


growth  factor  An  extracellular  peptide  or  protein  that  functions  as 
a  cell  survival  factor  that  can  maintain  cell  survival  or  stimulate  a  cell 
to  grow  or  proliferate. 

hormone  A  chemical  produced  by  a  cell  to  regulate  the  functioning 
of  another  cell. 

microglia  the  resident  small  phagocytic  cells  of  the  central  nervous 
system  that  are  related  to  the  mononuclear  phagocyte  lineage  and 
function  as  immune  accessory  cells  that  secrete  cytokines  and 
chemokines. 

neuromodulator  A  chemical  signal  that  modulates  the  response  of 
a  neuron  to  a  neurotransmitter. 

neuropeptide  Peptide  secreted  by  neurons  or  nonneuronal  cells  as 
either  a  synaptic  or  nonsynaptic  cell-cell  signaling  molecule. 

neurotransmitter  Signaling  molecule  secreted  by  the  presynaptic 
terminal  of  a  neuron  at  chemical  synapses  to  relay  a  signal  to  a 
postsynaptic  neuron. 

oligodendrocyte  Glial  cells  that  provide  myelin  sheaths  for  axons 
within  the  CNS  and  secrete  peptide  growth  factors. 

programmed  cell  death  A  form  of  cell  death  that  is  mediated  by 
the  activation  of  intrinsic  mechanisms. 

Schwann  cell  Glial  cells  that  provide  myelin  sheaths  for  axons 
within  the  peripheral  nervous  system  and  that  secrete  peptide  growth 
factors. 

tyrosine  kinase  Enzyme  that  transfers  the  terminal  phosphate  of 
ATP  to  a  specific  tyrosine  residue  in  a  target  protein. 

Brain  peptides  are  amino-acid-comprised  molecules  that  are 

synthesized  and  released  by  neuronal  and  nonneuronal 
cells  that  function  as  intercellular  signaling  molecules, 
serving  as  neurotransmitters,  neuromodulators, 
neurohormones,  cytokines,  chemokines,  or  growth 
factors. 
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I.  INTRODUCTION 

The  field  of  brain  peptide  research  has  been  revolu¬ 
tionary  in  neuroscience.  Many  fundamentally  new 
concepts  about  brain  organization  and  function,  as 
well  as  abnormal  function  and  disease,  have  been 
revealed  by  studying  brain  peptides.  Through  brain 
peptides,  new  interactions  have  been  disclosed  between 
the  nervous  system  and  endocrine  system,  the  nervous 
system  and  gastrointestinal  system,  and  the  nervous 
system  and  immune  system.  New  principles  about  cell¬ 
cell  signaling  and  intracellular  signal  transduction 
pathways  have  come  to  light  from  studies  of  brain 
peptides  and  related  molecules.  These  studies  are 
particularly  important  because  a  variety  of  these 
naturally  occurring  chemicals  have  been  implicated 
in  modulating  basic  nervous  system  functions  such  as 
sensibility,  emotions,  and  behavior,  and  they  most 
likely  participate  in  the  pathobiology  of  neurologic 
and  psychiatric  diseases  in  humans.  The  accumulating 
information  on  brain  peptides  may  have  ramifications 
as  far-reaching  as  the  further  understanding  of  the 
pathophysiology  of  Alzheimer’s  disease,  amyotrophic 
lateral  sclerosis,  multiple  sclerosis,  stroke,  acquired 
immune  deficiency  syndrome  (AIDS),  obesity,  anor¬ 
exia,  sleeping  disorders,  and  brain-spinal  cord  trauma. 

At  the  same  time,  however,  advances  in  the  field  of 
brain  peptides  tend  to  cloud  the  conventional  classi¬ 
fication  of  intercellular  signaling  molecules  within  the 
body.  For  example,  the  tachykinins  are  a  family  of 
peptides  including  substance  P  and  neurokinins  that 
are  present  widely  throughout  the  body,  including  the 
brain  and  spinal  cord.  These  peptides  have  several 
clearly  identified  functions  outside  the  central  nervous 
system  (CNS)  and  within  the  CNS,  participating  in 
cardiovascular  function  and  inflammation.  In  the 
spinal  cord,  tachykinins  function  in  the  synaptic 
transmission  of  nociceptive  (pain)  information  and, 
thus,  are  important  neurotransmitters.  Yet  tachyki¬ 
nins  (as  well  as  several  other  well-known  brain 
peptides)  also  function  in  neuromodulation,  partici¬ 
pating  in  the  regulation  of  neuronal  excitability  by 
modulating  glutamatergic  excitatory  synaptic  trans¬ 
mission  via  glutamate  receptors,  and  they  also  func¬ 
tion  in  neuronal  survival  akin  to  neurotrophic  factors. 
Another  example  that  emphasizes  the  breakdown  of 
the  walls  of  conventional  classification  of  brain 
peptides  is  illustrated  by  the  functions  of  vasoactive 
intestinal  peptide.  An  early  identified  function  of 
vasoactive  intestinal  peptide  was  the  regulation  of 
blood  flow  in  the  autonomic  nervous  system  and  CNS. 
Now,  it  has  been  shown  that  vasoactive  intestinal 


peptide  has  diverse  neurotransmitter,  neuromodula¬ 
tor,  cytokine,  and  neurotrophic  factor  actions  that 
regulate  neuronal  survival  and  growth  as  well  as  glial 
activation  and  release  of  glial-cell-derived  soluble 
factors.  Work  has  revealed  exciting  new  evidence  that 
vasoactive  intestinal  peptide  can  prevent  neuronal 
death  induced  by  the  AIDS  virus  envelope  protein 
gp  1 02,  and  another  more  recently  identified  vasoactive 
intestinal  peptide  family  member  (i.e.,  pituitary  ade¬ 
nylate  cyclase  activating  polypeptide)  can  block 
apoptosis  of  cultured  granule  neurons  and  necrosis 
of  hippocampal  pyramidal  neurons  after  cerebral 
ischemia.  These  few  examples  highlight  the  fact 
that  the  highly  diverse  actions  of  brain  peptides  can 
make  it  difficult  to  discretely  classify  these  naturally 
occurring  brain  chemicals.  Furthermore,  these 
examples  emphasize  their  pathophysiological  and 
potential  therapeutic  importance  in  disorders  of  the 
human  CNS. 

The  discovery  of  each  brain  peptide  involves  its 
isolation,  chemical  characterization,  anatomical  loca¬ 
lization,  gene  cloning,  receptor  identification  and 
cloning,  and  functional  assessment  at  the  micro 
(electrophysiological  and  intracellular  signaling)  and 
macro-levels  (behavior).  Substance  P  was  the  first 
neuroactive  peptide  found  in  nervous  tissue.  Origin¬ 
ally,  there  was  considerable  debate  about  the  suit¬ 
ability  of  referring  to  brain  peptides  as 
neurotransmitters.  Many  of  these  peptides  had  been 
identified  previously  as  peripheral  tissue  hormones 
with  physiological  actions  at  target  organs  outside  the 
brain.  Cholecystokinin,  somatostatin,  and  insulin-like 
growth  factors  are  only  a  few  examples  in  this  regard 
(Table  I). 

The  possibility  that  small  peptides  acted  as  neuro¬ 
transmitters  was  a  new  concept  in  the  early  emerging 
field  of  neuroscience  (Fig.  1).  Generally,  four  criteria 
should  be  fulfilled  for  a  chemical  to  be  considered  a 
neurotransmitter:  (1)  a  neurotransmitter  is  synthesized 
in  neurons  (Fig.  2);  (2)  a  neurotransmitter  is  present  in 
the  presynaptic  terminal  and  is  released  after  depolar¬ 
ization  in  quantities  sufficient  to  effect  a  response 
postsynaptically  (Fig.  1);  (3)  exogenous  application  of 
a  candidate  neurotransmitter  at  physiological  concen¬ 
trations  mimics  the  actions  of  endogenously  released 
chemical;  and  (4)  the  action  of  the  candidate  neuro¬ 
transmiter  at  the  synapse  is  terminated  by  a  specific 
mechanism.  Many  different  types  of  brain  peptides 
(old  and  recently  identified)  have  now  been  shown  to 
be  neurotransmitters  (Table  I). 

More  than  one  neurotransmitter  may  coexist  in 
neurons.  Neuroactive  peptides  and  small-molecule 
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Table  I 

Classical  Neuroactive  Peptides0 


Peptide 

Size* 

Family 

Major  functions 

Vasopressin 

9 

Neurohypophyseal  hormone 

Renal  H20  resorption,  vasoconstriction 

Oxytocin 

9 

Neurohypophyseal  hormone 

Uterine  contraction,  milk  ejection, 
natriuretic  effects 

Gonadotropin-releasing  hormone 

10 

Hypothalamic  peptide 

Stimulates  secretion  of  FSH  and  LH 

Thyrotrophin-releasing  hormone 

3 

Hypothalamic  peptide 

Stimulates  TSH  secretion 

Corticotropin-releasing  hormone 

41 

Hypothalamic  peptide 

Stimulates  ACTH  secretion 

/1-Endorphin 

30 

Endogenous  opioid 

Analgesia,  stress  response,  inhibition  of 
dopamine  release 

Dynorphin 

17 

Endogenous  opioid 

Analgesia,  inhibition  of  dopamine  release 

Enkephalin 

5 

Endogenous  opioid 

Analgesia,  primary  afferent  modulation 

Cholecystokinin 

8 

Gastrointestinal  peptide  gastrin 

Inhibition  of  feeding 

Neuropeptide  Y 

36 

Gastrointestinal  peptide 

Feeding  behavior,  modulation  of 
neuronal  excitability 

Neurotensin 

13 

Gastrointestinal  peptide 

Modulation  of  dopaminergic  neurons 

Somatostatin 

14 

Gastrointestinal-hypothalamic 

peptide 

Inhibits  growth  hormone  release,  inhibits 
synaptic  transmission,  neurotrophin 

Substance  P 

11 

Gastrointestinal-tachykinin  peptide 

Pain  transmission,  neurotrophin 

Vasoactive  intestinal  peptide 

28 

Gastrointestinal-secretin  peptide 

Cerebral  blood  flow  regulation 

Insulin-like  growth  factor 

67-70 

Insulin 

Neuronal  survival 

“Represents  only  a  selection  of  the  more  than  50  classical  neuroactive  peptides  that  have  been  identified. 
^Number  of  amino  acid  residues. 


neurotransmitters  are  often  found  within  the  same 
neuron  (Fig.  1).  This  observation  was  iconoclastic 
because,  until  this  discovery,  it  was  believed  that  each 
neuron  used  only  one  neurotransmitter.  Now  it  is 
known  that,  at  synapses,  peptides  are  stored  in  dense- 
core  vesicles  that  contain  ATP.  These  dense-core 
vesicles  (called  dense-core  because  they  appear  to  have 
a  dark  core  when  viewed  in  the  electron  microscope) 
are  usually  much  less  numerous  than  small,  clear 
synaptic  vesicles  that  contain  neurotransmitters  such 
as  acetylcholine,  GABA,  and  glutamate  (Fig.  1). 
Peptide-containing  dense-core  vesicles  are  large  (100- 
1 50  nm)  compared  to  small,  clear  synaptic  vesicles  (40- 
60  nm).  Dense-core  vesicles  are  released  at  higher 
frequencies  of  stimulation  of  the  axon  and  are  not 
released  solely  at  the  presynaptic  active  zone  like  small- 
molecule  neurotransmitters,  because  they  do  not 
require  the  presynaptic  membrane  specialization  for 
their  exocytotic  release.  The  inactivation  of  the 
neuroactive  peptide  at  the  synapse  occurs  extracellu- 
larly  and  is  slower  than  the  inactivation  of  the  small- 
molecular-weight  neurotransmitter;  thus,  peptides  act 
over  a  longer  period  of  time  than  classical  neurotrans¬ 
mitters. 


II.  BRAIN  PEPTIDES  OCCUR  AS  MANY 
DIFFERENT  KINDS  WITH  MANY 
DIFFERENT  FUNCTIONS 

The  diversity  of  brain  peptides  is  extensive  (Tables  I- 
IV).  These  peptides  can  be  grouped  into  families.  One 
way  to  classify  neuroactive  peptides  is  based  on 
structural  similarities,  notably,  commonalities  in  ami¬ 
no  acid  sequences  (i.e.,  primary  structure).  Similarities 
in  the  physiological  responses  (i.e.,  biological  activ¬ 
ities)  that  are  evoked  by  different  brain  peptides  are 
another  way  to  group  these  chemical  messengers, 
although  each  brain  peptide  can  have  multiple  phy¬ 
siological  actions.  More  recently,  similarities  in  the 
nucleotide  base  sequences  in  the  genes  that  encode 
precursors  of  neuroactive  peptides  are  used  identify 
membership  in  peptide  families. 

A.  Classical  and  More  Recently 
Discovered  Neuropeptides 

The  classical  brain  peptides  can  be  grouped  into  broad 
families  such  as  the  hypothalamic-releasing  hormones, 
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Figure  1  Synaptic  structure  as  revealed  by  electron  microscopic  examination  of  rhesus  monkey  cerebral  cortex.  Nerve  terminals  (tl  and  t2) 
contain  numerous  small,  clear,  round  synaptic  vesicles  (t2,  small,  black  arrowheads)  but  only  a  few  dense-core  synaptic  vesicles  that  can  contain 
neuropeptides  (tl,  black-on-white  arrowheads).  Mitochondria  (m)  are  present  in  nerve  terminals  for  the  energy-dependent  release  of  synaptic 
vesicles.  Nerve  terminals  form  synaptic  contacts  with  dendrites  (d).  The  active  zone  of  the  synapse  (t  1  and  t2,  open  arrow)  is  the  site  of  synaptic 
vesicle  exocytosis.  Scale  bar  =  0.4  pm. 


the  neurohypophyseal  hormones,  the  pituitary  pep¬ 
tides,  the  gastrointestinal  peptides,  the  opioids,  and  the 
tachykinins  (Table  I).  The  classical  brain  peptides  are 
located  differentially  throughout  the  CNS  (Fig.  3).  For 
example,  forebrain  structures  (cerebral  cortex,  stria¬ 
tum,  and  amygdala)  tend  to  have  greater  diversity  in 
neuropeptides  than  hindbrain  structures  (cerebellum 
and  spinal  cord).  Remarkably,  regions  that  have  the 
same  embryonic  derivation  within  the  diencephalon 
(thalamus  versus  hypothalamus)  can  have  vastly 
different  neuropeptide  profiles  (Fig.  3). 

Major  advances  have  been  made  in  understanding 
brain  peptide  regulation  of  feeding  and  body  weight. 
In  the  1950s  a  recessive  obesity  mutation  was  identified 
that  results  in  profound  obesity  and  adult-onset  (type 
II)  diabetes.  It  was  thus  postulated  that  an  obese  gene 
product  may  be  a  component  in  a  signaling  pathway 
regulating  body  fat  deposition.  Mice  with  mutations  in 
the  obese  gene  are  obese  and  diabetic  and  are  found  to 
have  reduced  activity,  metabolism,  and  body  tempera¬ 
ture.  It  was  discovered  that  leptin,  a  16-kDa  secreted 


protein  hormone,  is  the  product  of  the  obese  gene  and 
is  believed  to  be  synthesized  only  in  adipose  tissue. 
Leptin  is  an  integral  component  in  a  homeostatic  loop 
that  regulates  body  weight.  Leptin  acts  to  control  food 
intake  and  energy  expenditure  by  both  classical  and 
newly  discovered  neuropeptides  in  the  hypothalamus. 
One  classical  neuropeptide  that  functions  in  weight 
control  is  neuropeptide  Y  (Table  I). 

The  brain  neuropeptides  that  function  in  this  loop 
are  the  orexins  (or  hypocretins  because  they  are 
hypothalamic  neuropeptides  similar  to  the  gut  hor¬ 
mone  secretin).  Orexin-A  and  orexin-B  are  peptides  of 
33  and  28  amino  acid  residues,  respectively,  that  are 
derived  from  the  proteolytic  processing  of  a  single 
prepro-orexin  precursor  protein.  These  peptides  are 
produced  exclusively  by  a  specific  group  of  neurons  in 
the  lateral  hypothalamus  (Fig.  3)  called  the  periforni- 
cal  nucleus.  These  orexin-utilizing  neurons  have  wide¬ 
spread  projections  to  the  olfactory  bulb,  cerebral 
cortex,  thalamus,  hypothalamus,  and  brain  stem. 
These  brain  peptides  are  endogenous  ligands  for  two 
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Figure  2  Electron  microscopic  identification  of  subcellular  organelles  in  neurons  of  piglet  striatum.  Low-magnification  view  (left  panel)  of  a 
primary  neuron  found  in  the  striatum.  At  higher  magnification  (right  panel),  these  neurons  have  abundant  polyribosomes  distributed 
throughout  the  cytoplasmic  matrix  (small  granules),  arrays  of  rough  endoplasmic  reticulum  (rer),  stacks  of  Golgi  complex  (g)  with  budding 
secretory  vesicles  (black-on- white  arrowhead),  and  mitochondria  (m).  The  nucleus  (Nu)  has  a  predominantly  pale  matrix  and  is  surrounded  by 
a  continuous,  bilaminar  nuclear  membrane  that  contains  nuclear  pores  (arrows).  Scale  bars  =  0.85  pm  (left  panel)  and  0.25  pm  (right  panel). 


G-protein-coupled  receptors  found  in  the  brain  that 
function  at  synapses  to  increase  the  presynaptic  release 
of  GABA  and  glutamate. 

In  addition  to  these  peptides  functioning  in  energy 
homeostasis,  it  has  been  discovered  that  the  orexin 
neuropeptide-receptor  system  functions  in  sleep  reg¬ 
ulation.  Two  animal  models  dramatically  highlight 
this  point.  Mice  deficient  in  the  orexin  gene  display 
abnormal  sleep-wakeful  states,  and  autosomal  reces¬ 
sive  mutations  of  the  hypocretin  (orexin)  receptor-2 
gene  cause  a  sleep  disorder  in  Doberman  Pinschers. 
Both  of  these  abnormalities  are  believed  to  cause  sleep 
disorders  similar  to  narcolepsy  in  humans.  Support  for 


this  conclusion  is  derived  from  studies  showing  that 
orexin  is  undetectable  in  many  people  with  narcolepsy. 

B.  Growth  Factors 

A  growth  factor  is  a  secreted  peptide  or  protein  that 
functions  as  a  cell  survival  factor  and  can  stimulate  cell 
growth,  differentiation,  or  proliferation  (Table  II).  In 
the  nervous  system,  growth  factors  are  called  neuro- 
trophins.  They  can  act  locally  as  autocrine  or  paracrine 
regulators  of  cell  function.  The  first  neurotrophin  to  be 
isolated,  chemically  characterized,  and  physiologically 
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Figure  3  General  locations  of  some  classical  neuropeptides  in  the  human  CNS.  The  top  image  is  a  view  of  the  brain  and  upper  spinal  cord 
from  a  midsagittal  perspective,  and  the  two  lower  panels  are  transverse  views  through  the  forebrain  and  anterior  or  mid-diencephalon.  Some  of 
the  major  neuropeptides  found  in  these  regions  are  indicated. 


evaluated  was  nerve  growth  factor.  Neurotrophins  act 
as  target-  or  afferent-derived  growth  factors  for 
specific  populations  of  neurons  and  can  have  survi¬ 
val-promoting  effects  on  immature  and  adult  neurons. 
In  general,  the  effects  of  neurotrophins  are  mediated 
by  binding  to  a  specific  high-affinity  tyrosine  kinase 
receptor  on  the  presynaptic  terminal  (Fig.  1),  followed 
by  internalization  and  then  retrograde  transport  of  the 
neurotrophin-receptor  complex  to  the  neuronal  cell 


body  (Fig.  2),  where  it  can  regulate  neuronal  differ¬ 
entiation  and  survival  according  to  the  traditional 
neurotrophin  concept.  Some  neurotrophins  (e.g.,  brain- 
derived  neurotrophic  factor)  regulate  the  expression  of 
neuropeptides  (e.g.,  somatostatin  and  neuropeptide  Y) 
in  neurons.  More  recent  discoveries,  however,  have 
now  altered  this  concept.  Neurotrophins  can  be  trans¬ 
ported  away  from  the  neuronal  cell  body  down  the 
axon,  stored  in  nerve  terminals,  and  then  released 
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Table  II 

Survival  Peptides  and  Growth  Factors  for  Neurons 


Growth  factor 

Cellular  sources 

Responsive  cell  populations 

Nerve  growth  factor  (NGF) 

Schwann  cells,  neurons  in  hippocampus, 
neocortex,  olfactory  bulb 

Neurons  in  peripheral  ganglia,  basal  forebrain 
magnocellular  complex  (BFMC),  striatum 

Ciliary  neurotrophic  factor 
(CNTF) 

Schwann  cells,  astroglia 

Peripheral  ganglion  neurons,  motor  neurons, 
hippocampal  neurons,  astroglia,  oligodendroglia 

Brain-derived  neurotrophic 
factor  (BDNF) 

Neurons  in  neocortex,  hippocampus, 

BFMC,  striatum,  hypothalamus,  cerebellum 

Neurons  in  peripheral  ganglia,  retina,  BFMC, 
substantia  nigra,  cerebellum 

Neurotrophin-3  (NT-3) 

Neurons  in  hippocampus,  cerebellum 

Neurons  in  peripheral  and  enteric  ganglia, 
hippocampus,  cerebellum,  motor  neurons 

Neurotrophin-4/5  (NT-4/5) 

Neurons  in  neocortex,  hippocampus,  BFMC 

Peripheral  ganglion  neurons, 

BFMC,  motor  neurons 

Glial-cell-derived  neurotrophic 
factor  (GDNF) 

Neurons  in  neocortex,  hippocampus,  striatum, 
peripheral  ganglia,  motor 
neurons,  chromaffin  cells,  muscle 

Peripheral  ganglion  neurons,  motor  neurons, 
substantia  nigra  neurons,  cerebellar  neurons 

Insulin-like  growth 
factor  (IGF) 

Schwann  cells,  muscle 

Motor  neurons,  astroglia,  oligodendroglia 

Leukemia  inhibitory 
factor  (LIF) 

Astroglia,  microglia,  Schwann  cells 

Peripheral  ganglion  neurons,  spinal  motor 
neurons,  astroglia,  oligodendroglia,  microglia 

Fibroblast  growth 
factor  (FGF) 

Peripheral  ganglion  neurons, 
motor  neurons,  muscle 

Peripheral  ganglion  neurons,  motor  neurons 

presynaptically,  thus  functioning  as  afferent-derived 
(instead  of  target-derived)  growth  factors  or  neuro¬ 
transmitters. 


C.  Cytokines 

Cytokines  are  a  highly  diverse  group  of  extracellular 
signaling  molecules  that  act  as  local  mediators  in  cell¬ 
cell  communication  (Table  III).  These  molecules  are 
peptide  hormones  that  regulate  a  wide  variety  of 
inflammatory  and  immune  processes.  Furthermore, 
they  can  function  by  modulating  cellular  responses  to 
growth  factors  by  either  potentiating  or  antagonizing 
signals.  Their  activity  is  mediated  by  binding  to 
specific,  high-affinity  cell  surface  receptors  on  target 
cells.  The  production  of  cytokines  is  triggered  by  an 
activation  event,  broadly  including  brain  injury  or 
infection.  In  the  nervous  system,  cytokines  are  pro¬ 
duced  by  glial  cells  (astrocytes,  microglia,  oligoden¬ 
drocytes,  and  Schwann  cells),  and  their  cellular  targets 
can  be  other  glial  cells  and  neurons.  They  can  initiate, 
propagate,  and  suppress  inflammatory  and  immune 
responses.  Some  cytokines  that  are  synthesized  by 
astrocytes  (e.g.,  interleukin- 1,  interleukin-6,  and  gran¬ 
ulocyte  macrophage  colony  stimulating  factor)  parti¬ 
cipate  in  the  recruitment  of  microglia  into  damaged 


areas,  whereas  other  cytokines  (e.g.,  interleukin- la, 
interleukin- 1/?,  and  tumor  necrosis  factor-a)  are  pro¬ 
duced  predominantly  by  activated  microglia. 

D.  Chemokines 

Chemokines  are  small  peptides  or  proteins  that  are 
members  of  a  superfamily  of  inducible,  secreted, 
proinflammatory  cytokines  that  function  as  cellular 
chemoattractant  signals  (Table  IV).  These  highly 
diverse  inflammatory  molecules  are  classified,  accord¬ 
ing  to  the  topology  of  cysteine  residues,  into  four 
groups:  C,  C-C,  C-X-C,  and  C-X3-C.  The  C  subfamily 
lacks  the  first  and  third  cysteine  residues  of  the 
conserved  motif,  whereas  the  C-C  subfamily  members 
have  the  first  two  cysteines  adjacent.  In  the  C-X-C 
group,  the  first  two  of  four  cysteine  residues  are 
separated  by  a  single  amino  acid,  and  in  the  C-X3-C 
group  the  first  two  cysteines  are  separated  by  three 
amino  acid  residues.  By  activating  G-protein-coupled 
membrane  receptors  on  their  target  cells,  chemokines 
can  signal  cells  to  migrate  to  or  remain  at  the  site  of 
chemokine  production.  An  important  example  for 
chemokine  activity  is  the  governing  of  inflammatory 
cell  accumulation  during  immune-mediated  demyeli- 
nation  of  axons. 
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Table  III 

Cytokines0 

Cytokine 

Cellular  sources 

Functions 

Tumor  necrosis  factor  a  (TNF-a) 

Astroglia,  microglia 

Inflammation,  cell  death  through  necrosis 
or  apoptosis 

Fas  ligand  (FasL) 

T-cells 

Promote  apoptosis 

Interleukins 

Astroglia,  microglia, 
endothelial  cells 

Promote  or  suppress  inflammation, 
modulate  chemokine  production, 
molecule  specific  (at  least  1 5  interleukins 
have  been  identified) 

Interferon-y 

T-cells 

Antiviral  activity,  antiproliferation, 
immunomodulation,  microglial  activation 

Transforming  growth 

Neurons,  astroglia,  microglia. 

Regulate  extracellular  matrix  and  proliferation  of  astroglia 

factor  ft  (TGF-/J) 

Schwann  cells 

and  Schwann  cells,  suppress  inflammation,  modulate 
chemokine  production 

Leukemia  inhibitory  factor  (LIF) 

Astroglia,  microglia,  Schwann  cells 

Promote  neuronal  repair 

“Represents  a  tabulation  of  only  selected  cytokines  found  in  brain. 


III.  NEUROACTIVE  BRAIN  PEPTIDES  ARE  MADE 
FROM  PROTEIN  PRECURSORS  THAT  UNDERGO 
PROTEOLYTIC  PROCESSING 

Neuroactive  peptide  hormones  are  generated  from 
precursor  proteins.  Several  different  neuroactive  pep¬ 
tides  are  usually  encoded  by  a  single  continuous 
mRNA  that  is  translated  into  a  large,  inactive  protein 
precursor.  Prior  to  translation,  these  mRNA  tran¬ 
scripts  can  undergo  alternative  RNA  splicing  within 
the  nucleus  to  generate  different  mature  mRNAs  that 
encode  protein  precursors  with  different  amino  acid 
sequences.  These  secretory  proteins  are  formed  in  the 
cell  bodies  of  neurons  and  nonneuronal  cells  on 
polyribosomes  attached  to  the  cytosolic  surface  of 


the  endoplasmic  reticulum  (Fig.  2).  Neuroactive 
peptides  or  their  precursors,  like  other  secretory 
proteins,  are  processed  in  the  endoplasmic  reticulum 
and  then  shuttled  to  the  Golgi  apparatus  for  further 
processing  (Fig.  2).  The  processing  of  larger  precursor 
proteins  occurs  through  specific,  regulated  proteolytic 
cleavage  by  serine  proteases,  thiol  endopeptidases, 
amino  peptidases,  and  carboxypeptidases.  These  clea¬ 
vages  are  thought  to  begin  in  the  trans- Golgi  network, 
and  they  continue  in  the  secretory  vesicles.  Proteins 
destined  for  secretory  dense-core  vesicles  (Fig.  1)  are 
packaged  into  appropriate  vesicles  in  the  Golgi 
apparatus  by  a  sorting  signal  mechanism  involving 
the  selective  aggregation  of  secretory  proteins. 
The  peptide-containing  secretory  vesicles  leave  the 


Table  IV 

Chemokines  in  the  Brain0 


Chemokine 

Cellular  expression 

Functions 

| 

j 

Macrophage  inflammatory 

T-cells,  monocytes,  macrophages, 

Attraction  of  T-cells,  monocytes,  basophils, 

i 

! 

protein-1  (MIP1) 

platelets,  astroglia,  microglia 

eosinophils,  natural  killer  cells 

Monocyte  chemoattractant 

Monocytes,  macrophages,  endothelial 

Attraction  and  activation  of  monocytes, 

n  j 

protein-1  (MCP1) 

cells,  astroglia 

lymphocytes,  basophils 

Interferon  inducible 

Astroglia 

Attraction  of  T-cells 

! 

protein- 10  (IP  10) 

RANTES* 

Astroglia,  microglia,  Schwann  cells, 

Monocyte  chemoattraction,  neuronal  migration 

j 

Fractalkine 

endothelial  cells 

T-cells,  endothelial  cells,  neurons,  microglia 

Suppression  of  inflammation  and  microglial  activation 

| 

j 

“Only  selected  cytokines  are  shown. 

6RANTES:  regulated  upon  activation,  normal  T-cell  expressed  and  secreted. 


1 


i 


PEPTIDES,  HORMONES,  AND  THE  BRAIN  AND  SPINAL  CORD 


805 


trans-G olgi  apparatus  by  a  process  involving  clathrin- 
coated  budding  (Fig.  2).  After  the  immature  secretory 
vesicles  bud  from  the  Golgi  apparatus,  their  contents 
undergo  rapid  and  extreme  condensation  resulting 
from  acidification  of  the  vesicle  lumen  by  the  activity  of 
a  vesicle  membrane  ATP-driven  H+  pump.  In  neu¬ 
rons,  the  mature  vesicles  are  then  moved  to  the 
presynaptic  terminal  (Fig.  1)  by  fast  axonal  transport. 
This  traveling  along  the  axon  occurs  by  kinesin  motor 
proteins  attached  to  the  surface  of  the  secretory  vesicle 
that  propel  them  along  microtubules.  The  release  of 
the  peptide-containing  vesicle  at  the  axon  terminal 
occurs  by  exocytosis  in  response  to  a  depolarization- 
induced  local  increase  in  intracellular  Ca2+. 

IV.  BRAIN  PEPTIDES  AND  HORMONES  ACT  AT 
CELL  MEMBRANE  RECEPTORS 

The  signal  transduction  mechanisms  through  which 
most  neuroactive  brain  peptides  operate  involve 
G-protein-linked  receptors  or  enzyme-linked  recep¬ 
tors.  Most  classical  neuroactive  peptides  (Table  I,  e.g., 
substance  P-neurokinins,  somatostatin,  neurotensin, 
opioid  pentapeptides,  vasopressin,  and  angiotensin) 
and  some  cytokine  peptides  (interleukin-8)  are  ligands 
for  G-protein-linked  receptors.  These  receptors  acti¬ 
vate  a  chain  of  events  that  alters  the  concentration  of 
one  or  more  small,  intracellular,  second  messenger 
signaling  molecules  that,  in  turn,  amplify  the  signal 
and  pass  it  on  by  altering  the  functioning  of  specific 
proteins.  Two  of  the  most  widely  used  second  messen¬ 
gers  for  classical  neuroactive  peptides  are  Ca2  +  and 
cyclic  adenosine  monophosphate  (AMP).  The  effects 
of  somatostatin,  vasopressin,  and  adrenocorticotropic 
hormone  are  mediated  by  cyclic  AMP. 

In  contrast,  enzyme-linked  receptors  function  directly 
as  enzymes  or  as  receptor-associated  enzymes  when 
activated.  Neuropeptides,  growth  factors,  cytokines, 
and  chemokines  can  operate  through  one  of  five  known 
classes  of  enzyme-linked  receptors,  including  the  follow¬ 
ing:  (1)  receptor  guanylyl  cyclases  that  catalyze  the 
production  of  cyclic  guanosine  monophosphate  (GMP) 
in  the  cytosol;  (2)  receptor  tyrosine  kinases  that 
phosphorylate  specific  tyrosine  residues  on  a  small  set 
of  signaling  proteins;  (3)  tyrosine-kinase-associated 
receptors  that  interact  with  proteins  that  have  tyrosine 
kinase  activity;  (4)  receptor  tyrosine  phosphatases  that 
remove  phosphate  groups  (dephosphorylate)  from  tyr¬ 
osine  residues  of  signaling  proteins;  and  (5)  receptor 
serine-threonine  kinases  that  phosphorylate  serine  or 
threonine  residues  in  specific  proteins. 


V.  BRAIN  PEPTIDES  PROVIDE  A  BIOCHEMICAL 
FINGERPRINT  FOR  MANY  BRAIN  REGIONS  AND 
REVEAL  NEW  FEATURES  ABOUT  THE 
PARCELING  OF  THE  BRAIN 

Very  important  and  novel  information  about  the 
nervous  system  has  been  obtained  by  charting  the 
location  of  brain  peptides  (Figs.  4-7).  Generally,  these 
data  are  gleaned  immunocytochemically  by  using 
highly  specific  antibodies  that  recognize  unique  amino 
acid  sequences  in  brain  peptides  and  proteins.  Such 
experiments  can  provide  critical  information  on  the 
brain  regions  that  contain  peptides-proteins  and  their 
detailed  cellular  and  subcellular  localizations  in  ex¬ 
perimental  animal  and  post  mortem  human  brain  and 
spinal  cord  tissues.  Over  the  past  two  decades,  exciting 
results  on  brain  peptides  have  been  obtained  that 
feature  how  the  brains  of  humans  and  animals  are 
organized,  how  they  function,  and  how  they  are 
changed  in  abnormal  conditions.  Many  prominent 
examples  can  be  provided  about  how  the  charting  of 
brain  peptides  reveals  novel  information  on  brain 
organization  and  the  abnormalities  in  brain  peptides 
that  occur  in  experimental  animals  with  profound 
neurobehavioral  disorders.  Two  forebrain  regions,  the 
amygdala-bed  nucleus  complex  and  the  striatum, 
provide  informative  examples. 


A.  The  Amygdala-Bed  Nucleus  of  the  Stria 
Terminalis  (BST)  Complex 

By  studying  the  chemical  neuroanatomy  of  the  basal 
forebrain  of  humans  and  monkeys,  it  was  discovered 
that  the  bed  nucleus  of  the  stria  terminalis  (BST)  and 
the  amygdala  form  a  large,  multidivisional  complex 
(Figs.  4  and  5).  This  complex  has  been  also  called  the 
extended  amygdala  by  other  investigators.  The  BST  is 
continuous  with  the  central  and  medial  divisions  of  the 
amygdala  through  the  ventral  forebrain  substantia 
innominata,  and  it  intermingles  with  the  nucleus 
basalis  of  Meynert  of  the  basal  forebrain  magnocel- 
lular  complex.  The  amygdala-BST  continuum  is  a 
hotbed  of  neuropeptides,  including  somatostatin, 
enkephalins,  substance  P,  neurotensin,  cholecystoki- 
nin,  vasoactive  intestinal  peptide,  and  galanin  (Figs.  4 
and  5).  Specific  chemically  delineated  zones  and 
cellular  compartments  contain  these  brain  peptides. 
The  locations  of  these  brain  peptides  reveal  that  the 
amygdala-BST  complex  is  a  very  prominent  and 
discretely  compartmental  structure  in  the  basal 
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forebrain  of  humans  and  monkeys  (Figs.  4  and  5). 
On  the  basis  of  neuropeptide  distribution  and  cytol¬ 
ogy,  this  complex  can  be  divided  into  at  least  10 
subdivisions.  Furthermore,  both  subtle  and  dramatic 
differences  in  brain  peptides  are  found  in  the  amygda- 
la-BST  complex  in  different  species,  with  humans 
having  unique  patterns  that  differ  from  those  of 
animals. 

Prominent  gender  differences  (sexual  dimorphisms) 
occur  in  the  BST  of  humans  and  experimental  animals. 
In  humans,  some  divisions  of  BST  are  ~2.5  larger  in 
the  male  brain  than  in  the  female  brain.  Major 
differences  in  the  neuropeptide  composition  of  the 
BST  occur  as  well.  These  differences  are  thought  to  be 
caused  by  gonadal  steroid  hormones  and  also  by  glial¬ 
cell-derived  peptide  growth  factors  and  cytokines  such 


as  transforming  growth  factor-/?.  Neurons  of  the  BST 
and  centromedial  amygdala  are  among  the  chief 
testosterone-  and  estradiol-concentrating  cells  in  ani¬ 
mal  brains.  The  sexual  differentiation  of  the  human 
brain  takes  place  much  later  than  originally  believed, 
suggesting  that,  in  addition  to  genetic  factors,  envir¬ 
onmental  and  psychosocial  factors  may  have  ample 
opportunity  to  exert  a  profound  influence  on  the 
sexual  differentiation  of  the  brain.  This  information  is 
important  because  it  could  have  implications  for  the 
determination  of  sexual  orientation,  and  the  BST  is 
known  to  participate  in  sexually  dimorphic  functions, 
including  aggressive  behavior,  sexual  behavior,  and 
feeding  behavior.  Furthermore,  a  relatively  well- 
identified  role  of  the  amygdala-BST  complex  is  the 
mediation  of  stress,  fear,  and  anxiety  responses,  which 


Figure  4  Neuropeptides  delineate  the  compartments  within  in  the  basal  forebrain  and  basal  ganglia  of  humans.  Antibodies  were  used  to 
identify  leucine-enkephalin  (LENK,  A),  substance  P  (SP,  B),  somatostatin  (SOM,  C),  and  cholecystokinin  (CCK,  D)  in  postmortem  human 
brain  sections.  Abbreviations:  ac,  anterior  commissure;  bstld,  bed  nucleus  of  the  stria  terminalis,  lateral  dorsal  division;  bstsl,  bed  nucleus  of  the 
stria  terminalis,  sublenticular  division;  gp,  globus  pallidus;  p,  putamen;  vp,  ventral  pallidum.  White  areas  represent  neuropeptide 
immunoreactivity.  The  globus  pallidus,  its  ventral  extension  (the  ventral  pallidum),  and  the  bed  nucleus  are  enriched  in  enkephalin.  The  striatal 
mosaic  in  the  putamen  (A,  white,  open,  arrowheads)  can  be  identified  by  enkephalin.  The  bed  nucleus  and  its  sublenticular  extension  are  clearly 
divisible  from  the  globus  pallidus  and  the  ventral  pallidum  by  the  presents  of  somatostatin  and  cholecystokinin.  Somatostatin  and 
cholecystokinin  specifically  mark  the  sublenticular  division  of  the  BST,  so  that  it  can  be  distinguished  from  the  ventral  pallidum.  The  inset  (D) 
shows  the  typical  distributions  of  LENK,  SOM,  and  CCK  in  the  BST  sublenticular  division.  These  neuropeptides  are  highly  concentrated  in 
many  nerve  terminals  (small  dots)  that  innervate  neuronal  cell  bodies  and  dendrites  that  form  the  cellular  columns  that  bridge  the  BST  and 
amygdala  in  the  human  basal  forebrain.  Scale  bars  =  2.5  mm  (A,  same  for  B-D)  and  40  pm  (inset). 
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Figure  5  Neuropeptides  delineate  the  amygdala-bed  nucleus  complex  within  in  the  basal  forebrain  of  nonhuman  primates.  Antibodies  were 
used  to  identify  leucine-enkephalin  (LENK,  left  panel)  and  somatostatin  (SOM,  right  panel)  in  brain  sections  of  rhesus  monkeys. 
Abbreviations:  A,  amygdala;  A-Bst,  amygdala-bed  nucleus  continuum;  Bst,  bed  nucleus  of  the  stria  terminalis;  GP,  globus  pallidus;  H, 
hypothalamus;  P,  putamen.  Black  areas  represent  neuropeptide  immunoreactivity.  The  amygdala-bed  nucleus  continuum  and  the  globus 
pallidus  are  both  enriched  in  enkephalin.  The  amygdala-bed  nucleus  complex  is  specifically  identified  by  the  high  concentration  of 
somatostatin.  Scale  bar=  1.3  mm. 


are  likely  to  be  regulated  by  brain  peptides  such  as 
corticotrophin-releasing  hormone. 

B.  The  Striatal  Mosaic 

The  basal  ganglia  are  subcortical  brain  regions  that 
function  in  sensory-motor  integration,  planning  and 
initiation  of  somatic  movements,  cognition,  and  some 
types  of  social-emotional  and  species-typical  beha¬ 
viors.  The  striatum  (caudate  nucleus,  putamen,  and 
nucleus  accumbens),  globus  pallidus  (external  and 
internal  divisions  and  ventral  pallidum),  substantia 
nigra  (pars  compacta  and  reticulata),  and  subthalamic 
nucleus  are  the  major  components  of  the  basal  ganglia 
(Figs.  6  and  7).  The  striatum  is  divisible  into  at  least 
two  primary  compartments  designated  as  striosomes 
(patches)  and  matrix  (Figs.  6  and  7).  This  forebrain 
region,  thus,  is  like  a  jigsaw  puzzle  because  it  has 
different  pieces  that  fit  together,  comprising  a  structure 
called  the  striatal  mosaic.  Neurons  within  striosomes 


and  matrix  differ  with  respect  to  their  time  of 
embryogenesis,  connections  with  other  brain  regions, 
and  expression  of  brain  peptides.  Striosomes  are  much 
more  enriched  in  substance  P  and  enkephalins  than  the 
striatal  matrix,  whereas  the  matrix  is  more  enriched  in 
somatostatin  and  neuropeptide  Y  than  the  striosomes. 
These  general  neuropeptide  patterns  change  when 
comparing  the  dorsal  striatum  (caudate  and  putamen) 
with  the  ventral  striatum  (nucleus  accumbens)  (Figs.  6 
and  7). 

An  important  relationship  exists  between  the  reg¬ 
ulation  of  gene  expression  for  brain  peptides  within 
neurons  of  the  striatal  mosaic  and  the  expression  of 
excitatory  glutamate  receptors.  Inputs  into  the  stria¬ 
tum  participate  in  the  steady-state  regulation  of 
peptide  expression  in  medium-spiny,  striatal  neurons, 
which  are  the  principal  neurons  of  the  striatum.  For 
example,  ablation  of  corticostriatal  projections  re¬ 
duces  preprotachykinin  and  preproenkephalin  mRNA 
in  neurons  of  rodent  striatum.  Synaptic  activity 
and  membrane  depolarization  regulate  neural  gene 
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Figure  6  The  localization  of  substance  P  reveals  that  the  striatum  is  a  mosaic  and  extends  to  the  ventral  surface  of  the  brain.  Antibodies  were 
used  to  identify  substance  P  in  brain  sections  of  rhesus  monkeys.  Shown  are  photographs  of  striatum  in  the  transverse  (A)  and  parasagittal  (B) 
planes  and  a  higher  magnification  view  of  a  striosome  (C).  Abbreviations:  C,  caudate  nucleus;  GPe,  globus  pallidus  external  part;  GPi,  globus 
pallidus  internal  part;  NA,  nucleus  accumbens;  OT,  olfactory  tubercle;  VP,  ventral  pallidum.  Black-gray  areas  represent  neuropeptide 
immunoreactivity.  These  photographs  illustrate  the  discrete  topography  and  heterogeneity  of  the  striosome  (A  and  B,  black  arrowheads)  and 
matrix  compartments  throughout  the  dorsal  striatum  (caudate  nucleus  and  putamen)  and  the  ventral  striatum  (nucleus  accumbens  and 
olfactory  tubercle).  The  chemical  organization  of  striosomes  is  different  in  the  dorsal  striatum  from  the  ventral  striatum.  In  the  caudate  and 
putamen,  striosomes  are  enriched  in  substance  P  or  they  have  a  ring  (dark)  and  hollow  (pale)  pattern  compared  to  the  surrounding  matrix.  The 
more  uniform  striosomes  contain  numerous  neurons  with  substance  P  (C,  small  black  arrowheads)  that  are  embedded  in  a  dense  plexus  of  nerve 
terminals  containing  substance  P.  In  the  nucleus  accumbens,  striosomes  are  poor  in  substance  P  compared  to  the  surrounding  matrix  (B).  Scale 
bars  =1.7  mm  (A),  2.2  mm  (B)  and  1 30  pm  (C). 


expression,  possibly  through  a  Ca2+ -dependent  me¬ 
chanism  that  may  involve  calmodulin.  Striatal  neurons 
are  enriched  in  calmodulin.  Thus,  excitatory  glutama- 
tergic  neurotransmission  may  directly  regulate,  in  an 
activity-dependent  manner,  neuropeptide  expression 
within  subsets  of  striatal  neurons.  Support  for  this  idea 
is  derived  from  our  studies  showing  that  glutamate 
receptors  are  expressed  by  substance  P-  and  enkepha¬ 
lin-containing  neurons  within  striosomes.  This  enrich¬ 
ment  of  glutamate  receptors  at  postsynaptic  sites 
within  striosomes  of  the  dorsal  striatum  may  reflect  a 
more  dominant  glutamatergic  regulatory  control  of 
neuropeptide  expression  within  striosomal  neurons 
than  within  matrix  neurons.  An  informative  example 
in  this  regard  is  provided  by  striatal  dopamine 


receptors.  Dopamine  receptors  regulate  the  relative 
levels  of  expression  of  opiate  and  tachykinin  peptides 
in  subsets  of  striatal  neurons  through  cyclic  AMP, 
protein  kinase  A,  and  cyclic  AMP  response-element¬ 
binding  protein.  Several  genes  for  striatal  neuropep¬ 
tides  contain  cyclic  AMP  response  elements,  including 
dynorphin,  enkephalin,  and  somatostatin.  Although 
the  activation  of  different  molecular  subtypes  of 
glutamate  receptors  may  engage  signal  transduction 
pathways  for  neuropeptide  gene  expression  in  striatal 
neurons,  the  intracellular  signaling  pathways  have  not 
been  identified  completely. 

For  many  years,  the  neuropeptide  organization  of 
the  forebrain  in  normal  monkeys  and  humans  has  been 
studied,  thereby  laying  a  foundation  for  concepts 
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Figure  7  The  primate  striatum  undergoes  prominent  remodeling  of  its  chemical  structure  after  birth.  Antibodies  were  used  to  identify 
tyrosine  hydroxylase  (TH,  a  marker  of  dopamine  innervation  of  the  striatum),  substance  P  (SP),  leucine-enkephalin  (LENK),  and  the  calcium¬ 
binding  protein  calbindin  (CAL,  a  striatal  matrix  marker)  in  brain  sections  of  rhesus  monkeys.  The  left  image  of  each  pair  (A-D)  shows  the 
relative  amounts  and  distributions  of  these  striatal  peptides  proteins  in  a  monkey  4  months  of  age.  The  right  images  (A'~D')  show  the  same 
chemicals  in  the  striatum  of  an  adult  monkey.  In  each  pair,  the  caudate  nucleus  is  on  the  left  and  the  putamen  is  on  the  right.  (A,  A')  The 
dopaminergic  innervation  of  the  striatum  is  not  fully  established  at  4  months  of  age,  nor  is  the  adultlike  striosome-matrix  organization.  In  the 
infant,  the  striosomes  are  slightly  more  enriched  in  dopaminergic  innervation  than  the  surrounding  matrix.  The  reverse  pattern  is  present  in 
adults.  (B,  B')  The  substance  P  pattern  at  4  months  is  immature  compared  to  the  adult,  but  the  differences  appear  to  be  of  degree  (intensity)  and 
not  in  basic  pattern  (like  TH).  The  caudate  nucleus  in  the  infant  and  adult  has  numerous  striosomes  enriched  in  substance  P;  however, 
striosomes  in  the  infant  putamen  are  less  developed  than  the  striosomes  in  the  adult  putamen.  Furthermore,  the  matrix  in  the  infant  caudate  and 
putamen  is  deficient  in  substance  P  compared  to  adult.  Furthermore,  the  ventral  striatum  (the  nucleus  accumbens  and  olfactory  tubercle)  has 
not  yet  attained  adultlike  levels  of  substance  P.  (C,  C)  The  distribution  and  relative  amount  of  enkephalin  in  the  infant  striatum  are  very 
different  from  those  found  in  adults.  In  the  4-month-old  monkey,  the  caudate  nucleus  has  striosomes  that  are  poor  in  enkephalin  and  a  matrix 
that  is  enriched  in  enkephalin.  The  reverse  pattern  is  present  in  the  caudate  nucleus  in  adults.  (D,  D')  The  distributions  of  calbindin  in  the  infant 
striatum  and  adult  striatum  also  differ.  At  both  ages  the  striosomes  have  less  calbindin  relative  to  the  matrix;  however,  in  the  infant,  the 
striosomes  are  essentially  devoid  of  calbindin  compared  to  those  in  the  adult,  and  the  infant  striosomes  are  much  larger.  In  the  infant  putamen 
(lateral  region),  the  level  of  calbindin  is  deficient  compared  to  that  in  the  adult. 


about  areas  of  the  brain  that  could  be  selectively 
vulnerable  to  environmental  conditions  and  experi¬ 
ences  in  early  life.  We  have  put  forth  a  hypothesis  that 
neuropeptide  transmitter  systems  in  the  striatum  of 
infant  rhesus  monkeys  undergo  prolonged  postnatal 
maturation,  which  may  render  this  brain  region  highly 
vulnerable  to  environmental  and  experiential  influ¬ 
ences.  So  far,  our  studies  of  developing  rhesus 
monkeys  have  revealed  that  peptide  neurotransmitters 
undergo  remarkable  remodeling  during  the  first  year 
of  postnatal  life  (Fig.  7).  Many  brain  peptides  in  the 
striatal  mosaic  are  present  in  early  stages  of  life,  but 
they  need  time  to  develop  their  proper  distributions, 
amounts,  and  roles  (Fig.  7). 


It  was  hypothesized  that  an  insufficient  social 
environment  for  infant  monkeys  might  interfere  with 
the  development  of  neurotransmitters  in  the  basal 
ganglia,  because  animals  raised  under  such  conditions 
have  abnormal  movements  and  social  behaviors.  The 
brains  of  two  groups  of  monkeys  with  different 
environmental  rearing  conditions  have  been  studied: 
one  group  of  monkeys  that  experienced  social  depri¬ 
vation  when  they  were  infants  and  had  many  abnormal 
behaviors,  and  another  group  of  monkeys  that  was 
raised  in  a  highly  social  environment  and  behaved  like 
normal  monkeys. 

It  was  discovered  that  the  development  of  the 
structural  organization  of  peptide  neurotransmitter 
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systems  of  the  basal  ganglia  is  highly  vulnerable  to 
early  postnatal  experience.  The  normal  compartmen- 
tal  arrangements  of  brain  peptides  of  the  major  output 
striatal  neurons  and  the  localization  of  neuropeptides 
within  synaptic  targets  of  the  striatum  (globus  pallidus 
and  substantia  nigra)  are  altered  selectively  in  adult 
rhesus  monkeys  that  experienced  severe  sensory-social 
deprivation  during  the  first  year  of  infancy  (Fig.  8). 
Immature  rhesus  monkeys  that  have  insufficient 
infant-mother  and  infant-peer  interactions  during 
early  development  manifest  psychosocial  abnormal¬ 
ities  and  motor  impairments,  including  withdrawal 
and  fearfulness,  lack  of  play,  apathy,  learning  deficits, 
stereotypic  movements,  and  self-injurious  behavior. 
Furthermore,  as  adults,  these  monkeys  do  not  show 
appropriate  parental  behavior  and  are  indifferent  and 
abusive  to  their  offspring.  Certain  brain  areas  are  more 
vulnerable  to  the  effects  of  social  deprivation  than 
other  brain  regions.  Surprisingly,  the  neuropeptides  in 
the  amygdala-BST  complex  (Fig.  5)  did  not  appear 
vulnerable,  but  the  same  neuropeptides  were  pro¬ 
foundly  vulnerable  in  the  striatal  mosaic  (Fig.  8). 
Because  monkeys  that  experienced  social-sensory 
deprivation  have  neurochemical  alterations  in  their 
basal  ganglia,  and  because  the  behavioral  dysfunction 
induced  by  social-sensory  deprivation  of  infant  pri¬ 
mates  persists  into  adulthood  and  suggests  functional 
abnormalities  of  the  basal  ganglia,  it  has  been  sug¬ 
gested  that  the  normal  postnatal  development  of 
peptide  neurotransmitter  systems  in  the  basal  ganglia, 
particularly  the  neostriatum,  is  partly  dictated  by  the 
environment  and  experience. 

These  results  were  very  novel  and  interesting 
because  they  showed,  for  the  first  time  in  a  well- 
controlled  experiment,  that  social  deprivation  can 
produce  changes  in  brain  chemistry  in  selectively 
vulnerable  regions  in  animals  that  have  brains  very 
similar  in  many  respects  to  the  human  brain.  These 
changes  may  underlie  the  abnormal  social,  repetitive, 
and  self-harmful  behaviors  of  these  monkeys,  and  they 
may  be  related  to  similar  abnormal  behaviors  of 
children  with  developmental  problems.  Certain  pep¬ 
tide  neurotransmitters  in  the  striatal  mosaic  and  other 
basal  ganglia  areas  of  monkeys  raised  with  insufficient 
social  contacts  do  not  develop  and  mature  like  they  do 
in  socially  raised  monkeys.  Some  of  these  altered 
neurotransmitters  have  important  functions  in  signal¬ 
ing  aversive  messages.  These  findings  are  important 
because  these  animals,  as  well  as  children  with  some 
developmental  disorders,  can  harm  themselves.  These 
experiments  are  also  exciting  because  similar  numbers 
of  neurons  are  present  in  both  groups  of  monkeys  (i.e.. 


they  do  not  degenerate  or  die),  although  some  neurons 
are  unable  to  make  the  appropriate  neurotransmitter. 
Lithium  can  increase  the  expression  of  enkephalin  and 
substance  P  in  neurons  of  the  striatum  of  rats. 
Because  the  neurons  appear  to  be  still  alive  in  these 
monkeys,  they  could  be  stimulated  by  drugs  so  that 
they  can  make  their  normal  neurotransmitter,  thereby 
possibly  modifying  the  abnormal  behaviors  of  these 
monkeys. 

This  seminal  study  by  Martin  and  colleagues 
explored  important  relationships  between  the  early 
experience  of  infants,  the  postnatal  maturation  of  the 
brain,  and  the  susceptibility  of  some  neurotransmitters 
in  certain  brain  areas  to  environmental  factors.  There 
are  growing  concerns  about  the  long-term  effects  of 
parental-peer  neglect  or  abuse  and  exposure  to  drugs 
or  environmental  toxins  in  early  childhood  on  the 
development  of  brain  structure  and  function.  As  a 
result  of  this  study,  it  is  now  known  that  the  basal 
ganglia  is  very  vulnerable  in  infants.  The  implications 
may  be  profound.  For  example,  environmental  factors 
(social-sensory  deprivation  of  varying  severity)  can 
interfere  with  the  normal  postnatal  progression  of 
brain  peptides  and  other  neurotransmitters  in  the 
maturing  basal  ganglia.  However,  the  specific  events 
producing  these  changes  are  not  clear,  and  consider¬ 
ably  more  work  is  needed  on  how  external  or 
environmental  experiences  can  turn  on  and  off  vulner¬ 
able  genes  in  immature  neurons  of  the  brain.  The 
normal  maturational  events  that  occur  with  neuro¬ 
peptides  in  the  basal  ganglia  of  primates  during 
postnatal  development  must  be  understood  more 
completely  before  this  theory  of  experience-dependent 
neurodevelopment  of  the  basal  ganglia  can  be  clarified 
and  before  the  possible  cellular  and  molecular  me¬ 
chanisms  responsible  for  the  mutability  of  basal 
ganglia  organization  by  early  postnatal  experience 
can  be  understood. 

Several  disorders  that  affect  young  people  are 
characterized  by  abnormal  conduct  such  as  repetitive 
or  stereotyped  movements,  poor  skills  in  communica¬ 
tion,  self-preoccupation  or  withdrawal  from  family 
and  society,  and  self-inflicted  harm.  Children  with 
mental  retardation  and  autism,  Rett  syndrome,  and 
Lesch-Nyhan  syndrome  show  some  or  all  of 
these  abnormal  behaviors.  In  the  United  States,  it 
was  estimated  that  160,000  young  individuals  with 
developmental  disabilities  exhibited  harmful  beha¬ 
viors  involving  aggression  toward  themselves,  other 
people,  and  property.  The  self-harmful  behaviors  of 
people  with  these  disorders  are  primary  reasons  for 
institutionalization,  failure  in  school  environments, 
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Figure  8  The  chemical  composition  and  structural  organization  of  the  primate  basal  ganglia  are  highly  vulnerable  to  early  postnatal 
experiences  and  environmental  conditions.  This  diagram  depicts  some  of  the  organizational  features  of  the  primate  basal  ganglia  in  monkeys 
raised  in  a  socially  healthy  environment  and  their  changes  in  monkeys  raised  in  an  inappropriate  social  environment.  Abbreviations:  CN, 
caudate  nucleus;  GP,  globus  pallidus;  P,  putamen;  SNc,  substantia  nigra  compact  part;  SNr,  substantia  nigra  reticular  part.  In  normal  rhesus 
monkeys  (A  and  Q,  substance-P-containing  neurons  (asterisks),  processes  (short,  beaded  lines),  and  axonal  terminals  (solid  circles)  are 
concentrated  in  some  foci  forming  discrete  patches  (striosomes,  black  arrow)  in  the  caudate  and  putamen.  Striosomes  are  also  enriched  in 
enkephalin.  The  neuronal  elements  that  comprise  striosomes  are  found  in  lower  amounts  and  diffuse  throughout  the  surrounding  matrix  (the 
compartment  that  makes  up  the  majority  of  the  striatum).  The  nucleus  accumbens  has  a  matrix  very  enriched  in  substance  P  and  enkephalin. 
The  striatum  receives  an  extensive  synaptic  terminal  innervation  (fine,  small  dots)  from  dopamine-utilizing  neurons  in  the  substantia  nigra 
compact  part  (triangles).  The  neurons  in  the  striatum  that  contain  substance  P  and  enkephalin  innervate  the  globus  pallidus  and  substantia 
nigra  reticular  part  (smooth,  branching  lines).  In  monkeys  that  were  raised  in  a  socially  inadequate  environment  (B  and  D),  this  organization  of 
the  basal  ganglia  is  abnormal.  These  monkeys  have  fewer  striosomes,  they  have  less  substance  P  and  enkephalin  in  the  matrix,  and  the  dopamine 
innervation  from  the  substantia  nigra  is  deficient  in  the  striatum.  Also,  striatal  target  regions  (e.g.,  the  globus  pallidus  and  substantia  nigra 
reticular  part)  are  deficient  in  substance  P  and  enkephalin  due  to  the  loss  of  innervation  from  substance-P-  and  enkephalin-expressing  striatal 
neurons.  The  ability  of  neurons  in  the  substantia  nigra  to  make  dopamine  is  impaired,  although  the  neurons  remain.  [Reproduced  with 
permission  from  J.  Neurosci.  11(1 1),  3344-3358, 1991,  copyright  the  Society  for  Neuroscience], 


and  improper  adjustment  in  communities.  In  some 
communities,  6-21  individuals  out  of  100  people  have 
behavioral  and  emotional  disorders,  with  a  tendency 
for  higher  numbers  in  groups  subject  to  social 
deprivation.  The  causes  of  these  behavioral  problems 
are  unknown,  although  animal  model  experiments 
suggest  a  likely  connection  with  brain  peptides. 


VI.  ABNORMALITIES  IN  BRAIN  PEPTIDES 
OCCUR  IN  BEHAVIORAL,  PSYCHIATRIC,  AND 
NEURODEGENERATIVE  DISORDERS 
OF  HUMANS 

The  participation  of  brain  peptide  neurotransmitters, 
cytokines,  and  growth  factors  in  many  forms  of 
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behavioral  and  neurological  disorders  is  now  very 
evident  (Tables  V  and  VI).  The  most  widely  studied 
disorders  in  which  brain  peptides  have  been  implicated 
are  schizophrenia,  mood  disorders,  Huntington’s 
disease,  Alzheimer’s  disease,  and  multiple  sclerosis. 

In  schizophrenia,  cholecystokinin  neuronal  systems 
seem  to  be  the  most  vulnerable  by  some  reports  and  are 
prominently  depleted  in  the  temporal  cortex  and 
hippocampus.  Somatostatin,  vasoactive  intestinal 
peptide,  substance  P,  neurotensin,  and  thyrotropin¬ 
releasing  hormone  have  been  reported  to  be  abnormal 
in  cerebral  cortex,  amygdala,  and  basal  ganglia.  Some 
of  these  findings  have  not  been  replicated.  It  is  also  very 
possible  that  ongoing  drug  treatment  of  patients 
diagnosed  with  schizophrenia  will  confound  observa¬ 
tions  on  brain  peptide  levels. 

In  depression,  the  hypothalamic-pituitary-adrenal 
axis  and  the  hypothalamic-pituitary-thyroid  axis  have 
been  examined  thoroughly.  It  is  believed  that  cortico¬ 
tropin-releasing  hormone  and  thyrotropin-releasing 
hormone  are  hypersecreted  in  individuals  with  major 
depression.  Furthermore,  prodynorphin  mRNA  ex¬ 
pression  is  elevated  in  the  striosomal  compartment  of 
the  striatal  mosaic  in  individuals  that  commit  suicide. 
Thus,  dysfunction  of  the  endogenous  opioid  dynor- 
phin  system  might  contribute  to  depression  and  the 
risk  of  suicide. 

In  neurodegenerative  diseases,  the  major  brain  areas 
affected  by  the  disease  process  tend  to  exhibit  changes 
in  neuropeptide  systems.  In  Huntington’s  disease, 
substance-P-  and  enkephalin-containing  neurons  are 
lost  in  the  striatum.  Neurons  in  neocortex  that  contain 
neuropeptides  are  depleted  in  Alzheimer’s  disease, 


Table  V 

Behavioral,  Psychiatric,  and  Neurological  Disorders  Involving 
Brain  Peptides 


Abnormality 

Possible  brain  peptides  involved 

Stress-anxiety 

Corticotropin-releasing  hormone 

Obesity 

Neuropeptide  Y 

Anorexia-cachexia 

Orexins,  tumor  necrosis  factor-a, 
interleukins,  leukemia  inhibitory  factor, 
ciliary  neurotrophic  factor 

Sleep  disorders 

Orexins 

Epilepsy 

Substance  P,  somatostatin,  galanin, 
neuropeptide  Y 

Migraine  headache 

Calcitonin  gene-related  peptide 

Schizophrenia 

Cholecystokinin 

Mood  disorders 

Corticotropin-releasing  hormone, 
thyrotropin-releasing  hormone,  dynorphin 

Table  VI 

Neurodegenerative  Disorders  Involving  Brain  Peptides 


Disorder 

Brain  peptide  groups  involved 

AIDS  dementia 

Classical  neuropeptides, 
cytokines,  chemokines 

Alzheimer’s  disease 

Classical  neuropeptides, 
growth  factors,  cytokines,  chemokines 

Amyotrophic  lateral 

Growth  factors,  cytokines 

sclerosis 

Cerebral  ischemia 

Growth  factors,  cytokines 

(cardiac  arrest 
and  stroke) 

CNS  trauma 

Growth  factors,  cytokines,  chemokines 

Multiple  sclerosis 

Cytokines,  chemokines 

Parkinson’s  disease 

Growth  factors 

with  somatostatin  and  corticotropin-releasing  hor¬ 
mone  showing  high  vulnerability.  In  neurodegenera¬ 
tive  diseases  of  the  human  CNS  that  have  prominent 
inflammatory  components,  such  as  multiple  sclerosis, 
Alzheimer’s  disease,  and  AIDS,  the  proinflammatory 
cytokine  tumor  necrosis  factor-a  is  up-regulated.  Thus, 
brain  and  spinal  cord  inflammation  and  autoimmune 
reactions  participate  in  the  nervous  system  degenera¬ 
tion  in  these  diseases.  This  idea  is  greatly  emphasized 
by  the  finding  that  nonsteroidal  anti-inflammatory 
drugs  (such  as  aspirin,  ibuprofen,  and  indomethacin) 
strongly  protect  against  Alzheimer’s  disease. 

The  observation  that  anti-inflammatory  drugs  are 
helpful  in  Alzheimer’s  disease  could  be  related  to  the 
discovery  that  astroglia  and  microglia  are  primary 
generators  of  amyloid  deposits  in  the  aging  brain. 
Amyloid  (A/?)  is  a  protein  fragment  fibril  made  up  of  a 
4-kDa  peptide  consisting  of 40-42  amino  acid  residues 
that  is  derived  proteolytically  from  the  amyloid 
precursor  protein.  A)?  is  a  major  component  of  senile 
plaques,  which  are  brain  lesions  that  occur  in  indivi¬ 
duals  with  Alzheimer’s  disease,  Down’s  syndrome, 
and,  less  frequently,  people  aging  normally.  In  addi¬ 
tion  to  A/?,  these  lesions  have  a  complex  composition, 
consisting  of  dystrophic  neurites  (damaged  and  swol¬ 
len  dendrites  or  axon  terminals)  and  activated  astro¬ 
cytes  and  microglia.  Our  studies  of  aging  monkeys 
revealed  that  senile  plaques  are  dynamic  brain  lesions 
that  evolve  from  early  synaptic  defects  within  the 
neuropil  to  mature  plaques  and  extracellular  deposits 
of  A/?.  The  staging  of  these  lesions  is  thought  to  be  the 
degeneration  of  neuritic  structures,  followed  by  the 
attraction  of  reactive  glia,  and  the  subsequent  deposi¬ 
tion  of  extracellular  A/?  derived  from  microglia  or 
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astrocytes.  These  experiments  demonstrated  that 
structural  and  biochemical  perturbations  within  neu¬ 
ronal  and  nonneuronal  cells  occur  before  the  deposi¬ 
tion  of  extracellular  A/J  fibrils.  Furthermore,  our 
results  suggest  that  focal  abnormalities  in  synaptic 
contacts  within  the  neuropil  (synaptic  disjunction) 
may  initiate  a  complex  series  of  inflammatory  events 
resulting  in  the  formation  of  diffuse  senile  plaques  and 
deposits  of  Afi.  In  response  to  synaptic  disjunction  in 
the  aged  brain,  astroglia  and  microglia  produce  Ay?. 
This  event  may  be  signaled  by  cytokines. 


VII.  BRAIN  PEPTIDES  MODULATE  NEURONAL 
DEGENERATION  AND  REGENERATION  IN 
EXPERIMENTAL  MODELS 

Classical  neuropeptides  as  well  as  brain  peptide 
growth  factors  and  cytokines  play  important  roles  in 
neuronal  degeneration  and  brain  repair.  It  is  now  very 
evident  that  numerous  small,  diffusible  peptide-pro¬ 
tein  factors  modulate  the  growth,  differentiation, 
survival,  proliferation,  and  migration  of  neurons 
and/or  glial  cells.  In  the  developing  nervous  system, 
neuronal  death  occurs  normally  and  is  thought  to  be 
necessary  for  regulating  the  size  of  neuronal  groups  in 
relation  to  target  size  and  synaptic  inputs.  This 
developmental  neuronal  death  is  thought  to  be  par¬ 
tially  controlled  by  growth  factors,  including  the 
conventional  neurotrophic  factors  (Table  II),  as  well 
as  by  some  of  the  classical  neuropeptides  (Table  I,  e.g., 
somatostatin  and  vasoactive  intestinal  peptide).  After 
brain  and  spinal  cord  injury,  many  cellular  and 
molecular  responses  occur  simultaneously  or  in 
phases,  some  of  which  are  degenerative  and  others 
regenerative  events.  The  vague  concept  for  the  release 
of  tissue-soluble  factors  that  may  play  a  role  in  the 
degeneration,  regeneration,  and  survival  of  nerve  cells 
was  introduced  in  the  early  1900s  by  Santiago  Ramon 
y  Cajal.  Subsequently,  Levi-Montalcini,  Hamburger, 
Prestige,  and  others  established  this  concept.  Many  of 
the  current  ideas  about  the  critical  dependence  of 
neurons  on  survival  molecules  or  trophic  factors 
(Table  II)  have  been  developed  from  experiments  of 
cultured  neurons  and  injured  motor  neurons  in  vivo. 


A.  Cell  Culture  Models 

When  neurons  are  removed  from  the  developing 
nervous  system,  they  require  survival  factors  to  grow 


in  a  dish.  Some  of  these  neuronal  survival  factors  are 
neuroactive  peptides  and  proteins  (Tables  I  and  II). 
Immature  sympathetic  ganglion  neurons,  cerebellar 
granule  neurons,  and  cortical  and  hippocampal  neu¬ 
rons  are  used  commonly  for  culture  experiments.  The 
classical  example  for  this  concept  is  the  survival  of 
sympathetic  ganglion  neurons  being  dependent  on 
serum  factors  such  as  nerve  growth  factor.  When  these 
cells  are  deprived  of  serum  or  nerve  growth  factor,  they 
undergo  apoptosis  by  a  programmed  cell  death  (PCD) 
mechanism  that  is  dependent  on  specific  cell  death 
molecules.  Bax  and  caspase-3  are  critical  for  neuronal 
death  by  apoptosis,  involving  Bax  translocation  to 
mitochondria  and  mitochondrial  release  of  cyto¬ 
chrome  c  to  participate  in  the  activation  of  caspase-3, 
which  subsequently  activates  proteins  including  DNA 
fragmentation  factor-45  that  cleave  genomic  DNA. 
Nerve  growth  factor  also  controls  sympathetic  neuron 
survival  by  Ras  suppression  of  a  p53-mediated  cell 
death  pathway.  Serum  or  potassium  deprivation  of 
cerebellar  granule  neurons  and  cortical  neurons  also 
results  in  apoptosis.  Roles  for  neuropeptides  in 
neuronal  survival  pathways  have  come  to  light. 
Apoptosis  of  granule  neurons  in  vitro  can  be  delayed 
by  angiotensins  II  and  IV,  and  angiotensinogen 
knockout  mice  have  fewer  granule  neurons  in  the 
cerebellum  and  hippocampus  than  wildtype-mice, 
suggesting  that  the  renin-angiotensin  system  has  a 
role  in  neuronal  survival  by  preventing  apoptosis 
during  the  period  of  developmental  cell  death.  In 
addition,  pituitary  adenylate  cyclase  activating  poly¬ 
peptide  can  block  apoptosis  of  sympathetic  ganglion 
and  granule  neurons  by  activation  of  the  extracellular 
signal-regulated  (ERK)  type  of  MAP  kinase  via  a 
cyclic-AMP-dependent  pathway  and  proteosome- 
mediated  degradation  of  caspase-3. 

B.  Animal  Models 

In  animal  models  of  spinal  cord  and  nerve  injury,  brain 
peptide  hormones,  growth  factors,  and  cytokines  can 
be  studied  for  their  roles  in  degeneration  and  for 
their  applicability  for  therapeutics.  The  extent  of 
neuronal  death  or  of  regeneration  and  survival 
after  spinal  cord  injury  is  influenced  by  the  age 
of  the  animal  at  the  time  of  injury  and  the  location  of 
axonal  trauma  in  relation  to  motor  neurons. 
Motor  neurons  with  axonal  damage  in  the  immature 
CNS  die  rapidly.  In  contrast,  in  some  settings, 
axotomized  motor  neurons  in  the  adult  CNS  are  more 
likely  to  persist  in  some  altered  form.  This  observation 
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could  have  major  importance  with  regard  to  the 
recovery  of  neurological  function  in  infants,  children, 
and  adults. 

Cytokines  (Table  III)  have  stimulated  much  excite¬ 
ment  in  the  pathobiology  of  spinal  cord  and  peripheral 
nerve  injury.  A  cytokine  called  leukemia  inhibitory 
factor  might  be  important  for  the  successful  regenera¬ 
tion  of  injured  sensory  and  motor  axons  in  immature 
and  adult  animals  by  altering  neuronal  gene  expres¬ 
sion.  Other  molecules  that  may  be  relevant  to  neuronal 
degeneration  and  regeneration  after  spinal  cord  and 
peripheral  nerve  injury  are  inflammatory  factors. 
Tissue  inflammation  is  believed  to  be  a  critical 
component  of  the  degenerative  process  after  nervous 
system  injury.  Following  CNS  damage,  a  variety  of 
changes  occur,  including  the  extravasation  of  serum 
proteins  through  the  compromised  blood-brain  bar¬ 
rier,  activation  of  neuroglial  cells,  and  rapid  synthesis 
and  liberation  of  proinflammatory  cytokines.  A  major 
proinflammatory  cytokine  in  the  CNS  is  tumor 
necrosis  factor-a,  which  promotes  inflammation  and 
cell  death  through  its  p55  receptor.  Tumor  necrosis 
factor-a  also  promotes  cell  death  by  inhibiting  receptor 
signals  initiated  by  key  survival  peptides  such  as 
insulin-like  growth  factor.  Thus,  brain  peptide  cyto¬ 
kines  can  interact  antagonistically  or  synergistically 
with  brain  peptide  growth  factors.  Interestingly,  the 
remarkable  anti-inflammatory  and  antipyretic  actions 
of  a-melanocyte-stimulating  hormone  occur  by  inhibi¬ 
tion  of  glial-derived  tumor  necrosis  factor-a.  Other 
cytokines  function  as  potent  anti-inflammatory  fac¬ 
tors.  Interleukin- 10  reduces  the  production  of  tumor 
necrosis  factor-a  by  astroglia.  Interleukin- 10  reduces 
inflammation  and  improves  functional  outcome  in 
humans  and  in  animal  models  of  spinal  cord  injury.  In 
contrast,  interleukin-3  appears  to  cause  spinal  cord 
damage.  Overexpression  of  interleukin-3  in  mice  leads 
to  motor  neuron  degeneration  and  progressive  mus¬ 
cular  atrophy,  suggesting  that  an  autoimmune  reac¬ 
tion  may  participate  in  the  degenerative  process  in 
humans  with  amyotrophic  lateral  sclerosis. 


VIII.  THE  FUTURE  OF  CNS  PEPTIDE  RESEARCH 
HAS  GREAT  PROMISE 

The  use  of  animal  models  will  be  necessary  to  advance 
our  understanding  of  brain  peptide  function  and  their 
roles  in  nervous  system  development,  maturation, 
degeneration,  and  repair.  An  interesting  feature  of  the 
different  classical  neuropeptide  systems  is  that  many  of 


these  brain  peptides  undergo  prominent  changes 
during  development  (Fig.  7).  However,  it  is  not  yet 
clear  whether  these  changes  direct  maturational  events 
involved  in  the  pattern  formation  of  brain  structure  or 
whether  changes  in  the  expression  are  consequences  of 
brain  maturation.  For  example,  brain  peptides  and 
hormones  may  be  critical  for  pattern  formation  during 
development  of  the  cerebral  cortex  and  striatum,  and 
abnormalities  may  cause  neurodevelopmental  defects. 
With  regard  to  CNS  degeneration,  paradigms  should 
include  animal  models  of  brain  and  spinal  cord  injury 
and  aging.  Animal  models  of  CNS  degeneration  are 
crucial  for  improving  our  understanding  of  the 
mechanisms  and  stages  of  degenerative  and  repair 
processes.  These  models  can  provide  an  in  vivo  system 
to  identify  how  neurons  and  neuroglia  change  in 
paradigms  that  mirror  certain  neuropathological  and 
clinical  features  of  neurological  conditions  that  occur 
in  humans  (T able  VI).  With  animal  models,  the  process 
of  nervous  system  degeneration  and  repair  can  be 
studied  directly  at  the  structural  and  molecular  levels, 
the  roles  for  brain  peptides  and  hormones  can  be 
identified,  and  the  model  subsequently  can  be  used  to 
test  new  therapies  to  prevent  the  neuropathology  and 
improve  neurologic  recovery  in  a  biologically  relevant 
system.  In  addition,  the  application  of  molecular 
genetics  and  transgenic  mouse  technology  will  be 
essential.  The  development  of  transgenic  mouse  sys¬ 
tems  for  peptide  growth  factors  and  cytokines  should 
be  expanded. 

Pharmaceutical  drug  development  centering  around 
neuroactive  brain  peptides  holds  immense  promise  for 
the  future  treatment  of  a  wide  range  of  neurobeha- 
vioral,  neurological,  and  neurodegenerative  disorders 
(Tables  V  and  VI).  For  example,  the  design  of  drugs 
that  mimic  the  actions  of  satiety  neuropeptides  could 
be  useful  for  weight  management  in  obesity  or 
blocking  the  functions  of  brain  satiety  peptides  for 
the  treatment  of  anorexia  or  cachexia  in  chronically  or 
terminally  ill  patients.  The  neuropeptides  that  function 
in  sleep-wakefulness  could  be  targets  for  sleep  dis¬ 
orders.  The  anti-inflammatory  actions  of  certain 
cytokines  and  the  blockade  of  proinflammatory  cyto¬ 
kines  could  be  exploited  for  the  treatment  of  Alzhei¬ 
mer’s  disease,  multiple  sclerosis,  head  and  spinal  cord 
injury,  and  cerebral  ischemia  after  stroke  and  cardiac 
arrest.  Furthermore,  the  well-known  neuronal  survival 
actions  of  neurotrophins  should  continue  to  be  targets 
for  drug  discovery  as  well  as  the  neuronal  survival 
effects  of  classical  and  more  recently  identified  brain 
peptides.  The  application  of  research  on  survival 
peptides  has  enormous  potential  for  the  treatment  of 
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Alzheimer’s  disease,  Parkinson’s  disease,  amyotrophic 
lateral  sclerosis,  and  cerebral  ischemia,  and  CNS 
trauma  (Table  VI). 

The  current  inability  to  effectively  and  rationally 
help  people  with  nervous  system  abnormalities  is  in 
large  part  due  to  the  of  lack  of  understanding  of  how 
neurons  communicate  with  other  neurons  and  how 
neurons  communicate  with  neuroglia  or  other  non¬ 
neuronal  cells.  It  is  very  likely  that  future  discoveries  in 
brain  peptides  and  hormones  will  add  to  the  formula¬ 
tion  of  new  therapies  for  humans  with  neurobehavior- 
al  disorders  and  neurodegenerative  conditions. 
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GLOSSARY 

antioxidant  An  enzyme  or  chemical  that  inactivates  reactive 
oxygen  species. 

apoptosis  A  form  of  programmed  cell  death  that  has  a  character¬ 
istic  structural  appearance  and  occurs  through  the  activation  of 
intrinsic  cell  death  pathways. 

apoptosis-necrosis  continuum  The  concept  that  neuronal  cell 
death  can  occur  as  typical  apoptosis,  typical  necrosis,  or  as 
intermediates  or  hybrids  of  cel!  death  with  varying,  overlapping 
contributions  of  apoptosis  and  necrosis. 

astroglia  Glial  cells  in  the  central  nervous  system  that  have  long 
radial  processes  that  ensheathe  neurons  and  synaptic  complexes. 


Astroglia  regulate  the  extracellular  chemical  and  ionic  environment 
and  secrete  peptides,  growth  factors,  cytokines,  and  chemokines. 

axotomy  Experimental  injury  to  the  neuronal  axon  (or  bundles  of 
axons)  by  transection,  avulsion,  or  trauma. 

central  nervous  system  The  brain  and  spinal  cord, 
death  protein  A  protein  that  regulates  programmed  cell  death. 

excitotoxiclty  A  neurotoxic  process  that  is  mediated  by  excessive 
activation  of  excitatory  glutamate  receptors. 

experimental  neuropathology  The  study  of  neurodegeneration 
in  animal  or  cell  culture  model  systems. 

glial  cell  Nonneuronal  cell  in  the  nervous  system  (e.g.,  astrocyte, 
oligodendrocyte,  microglial  cell,  Schwann  cell). 

glutamat?  receptor  A  family  of  cell  membrane  proteins  located  on 
neurons  and  glia  that  bind  glutamate  or  related  chemicals,  causing 
depolarization  by  ionic  conductance  or  activation  of  enzymes 
resulting  in  the  production  or  release  of  intracellular  second 
messengers. 

microglia  The  resident  small  phagocytic  cells  of  the  brain  and 
spinal  cord  that  are  related  to  the  mononuclear  phagocyte  lineage 
and  function  as  immune  accessory  cells  that  secrete  cytokines  and 
chemokines. 

mutation  Change  in  the  DNA  nucleotide  sequence  of  a  gene. 

necrosis  A  form  of  cell  death  that  has  a  characteristic  structural 
appearance  and  occurs  through  the  failure  of  homeostatic  mechan¬ 
isms  (e.g.,  energy  production,  cell  volume). 

neurotransmitter  Signaling  molecule  secreted  by  the  presynaptic 
terminal  of  a  neuron  at  chemical  synapses  to  relay  a  signal  to  a 
postsynaptic  neuron  (e.g.,  glutamate). 

NMDA  receptor  A  type  of  ion  channel  glutamate  receptor  that 
controls  neuronal  excitation  and  is  very  important  for  synaptic 
plasticity.  It  regulates  intracellular  Ca2+ .  Overactivation  of  NMDA 
receptors  causes  excitotoxic  neuronal  death. 

oligodendroglia  Glial  cells  that  provide  myelin  sheaths  for  axons 
within  the  CNS  and  secrete  peptide  growth  factors. 

programmed  cell  death  A  form  of  cell  death  that  is  brought  about 
by  intrinsic  cellular  pathways  involving  specific  death  proteins. 
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reactive  oxygen  species  An  oxygen  molecule  containing  an  odd 
number  of  electrons  rendering  it  chemically  reactive  due  to  an  open 
bond  (e  g,,  superoxide,  hydroxyl  radical,  nitric  oxide). 

Stem  cell  Relatively  undifferentiated  cell  that  can  divide  into 
daughter  cells  that  can  undergo  terminal  differentiation  into 
particular  cell  types  (e.g.,  neurons). 

target  deprivation  The  removal  or  ablation  of  a  brain  region  or 
peripheral  tissue  that  is  the  site  with  which  a  group  of  neurons 
connects. 

Neurodegeneration  is  the  pathology  of  neurons  instigated  by 

an  acute  insult  or  a  chronic  perturbation  in  cell 
function.  The  process  of  neurodegeneration  can  be 
rapid  or  it  can  be  slow  and  progressive,  and  it  can  result 
in  neuronal  loss  and  neuronal  dysfunction  with 
neurological  consequences.  Acute  neurodegeneration 
is  caused  by  cerebral  ischemia  (stroke  and  cardiac 
arrest),  toxins,  and  trauma.  Chronic  neurodegenera¬ 
tion  is  caused  by  diseases  such  as  Alzheimer’s  disease, 
amyotrophic  lateral  sclerosis,  Huntington’s  disease, 
and  Parkinson’s  disease.  In  different  neurological 
disorders,  different  groups  of  neurons  are  selectively 
vulnerable  to  the  molecular  pathology  of  the  degen¬ 
erative  process.  The  basis  for  this  selective  vulner¬ 
ability  may  be  intrinsic  to  the  different  groups  of 
neurons.  Models  of  experimental  neuropathology  are 
essential  for  discovering  the  mechanisms  for  selective 
neuronal  vulnerability  to  injury  and  neurodegenera- 
tive  disease. 


I.  INTRODUCTION 

A  variety  of  neurodegenerative  disorders  affect  the 
brain  or  spinal  cord  of  humans  (Tables  I— III).  The 
degeneration  of  nervous  tissue  can  result  from  acute 
injury  and  from  chronic  disease.  Acute  neuropathol¬ 
ogy  in  adults,  children,  and  infants  can  arise  from  head 
or  spinal  cord  trauma,  infection,  toxicity,  liver  failure, 
and  cerebral  ischemia  resulting  from  stroke,  cardiac 
arrest,  or  asphyxiation.  Chronic,  progressive  neuro¬ 
pathology  occurs  in  adult  disorders  such  as  Alzhei¬ 
mer’s  disease,  amyotrophic  lateral  sclerosis  (Lou 
Gehrig’s  disease),  Huntington’s  disease,  multiple 
sclerosis,  and  Parkinson’s  disease  and  in  infants  and 
children  with  spinal  muscular  atrophy.  These  disease 
processes  involve  the  degeneration  of  neurons  and  glial 
cells.  Different  populations  of  neurons  in  different 
nervous  system  regions  have  differential  susceptibil¬ 
ities  to  disease  and  injury  (Table  I).  This  differential 
susceptibility  of  groups  of  neurons  provides  the  basis 
for  the  yet  to  be  understood  concept  of  selective 


vulnerability  (Table  I).  The  underlying  mechanisms 
for  selective  vulnerability  are  possibly  related  to 
specific  properties  of  neurons,  including  size,  axonal 
length,  connections,  metabolism,  and  gene  mutations. 
This  neuronal  degeneration  causes  tragic  neurological 
and  behavioral  disabilities  ranging  from  memory  loss 
to  paralysis.  For  example,  neuronal  degeneration  is 
responsible  for  the  memory  disturbances  that  occur  in 
individuals  with  Alzheimer’s  disease  (AD)  and  in 
people  that  have  experienced  cardiac  arrest,  asphyxia¬ 
tion,  or  strokes.  Nerve  cell  loss  is  also  responsible  for 
the  profound  abnormalities  in  movement  that  occur  in 
individuals  with  amyotrophic  lateral  sclerosis  (ALS), 
Parkinson’s  disease,  or  Huntington’s  disease  and  in 
children  with  cerebral  palsy  or  spinal  muscular  atro¬ 
phy. 

The  impact  of  neurodegenerative  disorders  on  our 
society  is  revealed  by  epidemiological  studies.  AD 
affects  approximately  4  million  adults  (most  are  >  65 
years  of  age)  and  is  the  4th-leading  cause  of  death  in  the 
United  States.  AD  accounts  for  >100,000  deaths 
annually.  ALS  affects  approximately  30,000  Ameri¬ 
cans  (4-6  people  in  100,000),  whereas  Huntington’s 
disease  annually  affects  4-7  people  per  100,000. 
Estimates  of  the  incidence  of  Parkinson’s  disease  vary 
depending  on  the  populations  of  individuals  studied, 
with  the  annual  incidence  ranging  from  7  to  19  affected 
people  per  100,000.  More  than  100,000  Americans 
under  the  age  of  18  years  have  some  degree  of 
neurological  disability  attributable  to  cerebral  palsy. 


Table  I 

Selective  Vulnerability  of  the  Human  Central  Nervous  System  in 
Neurodegenerative  Conditions 


Neurodegenerative 

disorder 

Vulnerable  neurons-brain 
regions 

Alzheimer’s  disease 

Neocortex,  hippocampus,  amygdala, 
basal  forebrain  cholinergic  neurons, 
brain  stem  monoaminergic  neurons 

Amyotrophic  lateral 

Lower  motor  neurons 

sclerosis 

(spinal  cord  and  brain  stem)  and 
upper  motor  neurons  (motor  cortex) 

Cerebral  ischemia 

Neocortex,  hippocampus, 

(cardiac  arrest  and 
stroke) 

striatum,  cerebellum 

Huntington’s  disease 

Striatum 

Multiple  sclerosis 

White  matter 

Parkinson’s  disease 

Substantia  nigra 

Spinal  muscular  atrophy 

Lower  motor  neurons 
(spinal  cord  and  brain  stem) 
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No  drugs  are  available  yet  that  can  prevent  the 
degeneration  of  neurons  in  the  brain  and  spinal  cord 
in  people  with  these  neurodegenerative  disorders 
(Table  I). 


II.  ALZHEIMER’S  DISEASE  IS  A  PROGRESSIVE 
NEURODEGENERATIVE  DISEASE  OF  ELDERLY 
INDIVIDUALS  THAT  CAUSES  SYNAPSE 
DEFECTS  AND  DEMENTIA 

Alzheimer’s  disease  is  the  most  common  cause  of 
dementia  occurring  in  middle  and  late  life.  About  70% 
of  all  cases  of  dementia  are  due  to  AD.  It  affects  7-10% 
of  individuals  >65  years  of  age  and  up  to  40%  of 
people  >  80  years  of  age.  The  prevalence  of  AD  is 
increasing  proportionally  to  increased  life  expectancy. 
AD  thus  will  continue  to  be  a  major  health  concern 
because  estimates  predict  that  ~25%  of  the  popula¬ 
tion  will  be  >  65  years  of  age  in  the  year  2050.  AD  now 
affects  >  4  million  people  in  the  United  States.  Most 
cases  of  AD  have  unknown  etiology  and  are  called 
sporadic;  however,  some  cases  of  AD,  particularly 
those  with  early  onset,  are  familial  and  are  inherited  as 
an  autosomal  dominant  disorder  linked  to  mutations 
in  the  gene  that  encodes  amyloid  precursor  protein  or 
in  the  genes  that  encode  for  presenilin  proteins  (Table 
II).  For  late-onset  sporadic  cases,  a  variety  of  risk 
factors  have  been  identified  in  addition  to  age.  The 
apolipoprotein  E  (apoE)  allele  is  a  susceptibility  locus 
with  the  apoE4  type  showing  dose-dependent  contri¬ 
butions.  Cardiovascular  disease  and  head  trauma  are 
additional  risk  factors  for  AD. 


The  mechanisms  that  cause  the  profound  brain 
atrophy  (Fig.  1),  neuronal  degeneration  and  progres¬ 
sive  impairments  in  memory  and  intellect  that  occur 
with  AD  are  not  understood.  Atrophy  of  the  cerebral 
cortex  (i.e.,  loss  of  cerebral  cortex  volume)  correlates 
strongly  with  cognitive  decline.  Normal  cognition  and 
memory,  as  well  as  neuronal  survival,  depend  on 
synapses  (Fig.  2A).  Regulated  release  of  neurotrans- 
mitter-containing  vesicles  is  necessary  for  normal 
synaptic  function.  Some  proteins  that  control  synaptic 
operation  are  abnormal  in  AD  (Fig.  2B).  These 
proteins  function  in  the  presynaptic  terminal  by 
controlling  the  regulated  exocytosis  of  neurotransmit¬ 
ter  packets.  Particular  proteins  are  reduced  in  the 
hippocampus  of  individuals  with  AD  who  have 
moderate  to  severe  abnormalities  in  memory  (Figs.  2 
and  3).  Another  important  discovery  is  that  the 
synaptic  proteins  that  control  neurotransmitter  vesicle 
translocation  and  priming  at  the  release  site  of  the 
presynaptic  nerve  terminal  are  more  vulnerable  than 
proteins  involved  in  vesicle  exocytosis  at  the  cell 
membrane.  It  appears  that  these  proteins  begin  to  be 
lost  in  individuals  in  the  early  stages  of  AD  who  do  not 
yet  have  detectable  cognitive  impairments,  but  as  the 
synaptic  defects  progressively  become  more  severe, 
individuals  manifest  more  severe  memory  impairment. 
Abnormalities  in  the  presynaptic  proteins  that  regulate 
neurotransmitter  release  may  be  an  early  pathological 
process  in  the  development  of  AD  (Fig.  2). 

A  variety  of  brain  lesions  occur  in  people  with  AD. 
The  major  lesions  are  called  neurofibrillary  tangles  and 
senile  plaques  (Fig.  4).  These  brain  lesions  are  formed 
abundantly  in  individuals  with  AD  and  patients  with 
Down’s  syndrome  and  less  frequently  in  people  aging 


Table  fl 


Gene  Mutations  Associated  with  Some  Neurodegenerative  Diseases 


Neurodegenerative  disease 

Gene  mutation-deletion 

Prevalence 

Familial  amyotrophic  lateral  sclerosis" 

Copper-zinc  superoxide  dismutase 

10%  of  all  FALS  cases 

Familial  Alzheimer’s  disease* 

Amyloid  precursor  protein 

<  10%  of  all  familial  AD  cases 

Familial  Alzheimer’s  disease 

Presenilin-1 

<  10%  of  all  familial  AD  cases 

Familial  Alzheimer’s  disease 

Presenilin-2 

<10%  of  ail  familial  AD  cases 

Huntington’s  disease 

Huntingtin 

100%  of  cases 

Parkinson’s  disease 

a-Synuclein 

_Very  rare 

Spinal  muscular  atrophy 

Survival  motor  neuron, 
neuronal  apoptosis  inhibitory  protein 

Majority  of  cases 

"ALS  occurs  as  a  familial  or  sporadic  disease.  Approximately  5-10%  of  all  ALS  cases  are  familial.  The  majority  of  cases  are  sporadic,  with  no 
yet  identified  mutations. 

*AD  occurs  as  a  familial  or  sporadic  disease.  Approximately  10%  of  all  AD  cases  are  familial.  The  majority  of  AD  cases  are  sporadic. 
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Figure  1  Severe  atrophy  of  the  brain  occurs  in  Alzheimer’s  disease.  (A)  Midsagittal  view  of  the  brain  from  an  86-year-old  normal,  individual. 
The  cerebral  cortex  is  normal,  with  broad  gyri  and  narrow  sulci.  Scale  bar  =  23  mm  (same  for  B).  (B)  Midsagittal  view  of  the  brain  from  an  85- 
year-old  individual  with  Alzheimer’s  disease.  The  cerebral  cortex  is  atrophic,  as  indicated  by  widening  of  the  sulci  and  narrowing  of  the  gyri 
(white  arrowheads). 


normally.  Pyramidal  neurons  in  the  neocortex  and 
hippocampus  (Fig.  4A,  Table  I)  are  highly  vulnerable 
to  the  formation  of  neurofibrillary  tangles.  Neurofi¬ 
brillary  tangles  are  abnormal  bundles  of  protein 
filaments  that  occur  within  neurons  (Fig.  4B).  These 
tangled  masses  consist  of  paired  helical  filaments 
containing  x  protein  (Fig.  4C).  Senile  plaques  are 
formed  throughout  the  brain  parenchyma,  and  in 
AD  they  occur  in  large  numbers  (Fig.  4D).  The 
composition  of  senile  plaques  is  very  complex 
(Figs.  4D  and  5),  consisting  of  dystrophic  neurites 


(damaged  and  swollen  dendrites  or  axon  terminals), 
activated  astrocytes  and  microglia,  and  extracellular 
deposits  of  insoluble  amyloid.  Amyloid  occurs  as 
fibrils  composed  of  a  small  peptide  (A/?)  consisting  of 
40-42  amino  acid  residues.  This  abnormal  protein 
fragment  is  derived  proteolytically  from  the  amyloid 
precursor  protein  (APP),  a  cell  surface  protein.  APP 
may  participate  directly  in  the  pathogenesis  of  AD 
because  mutations  have  been  identified  in  the  APP 
gene  that  are  linked  to  early-onset  AD  in  some  families 
(Table  II). 
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1.  Translocation 
dyneln 
kinesin 


6.  Neurotransmitter  uptake 

neurotransmitter  transporters 


2.  Docking/Priming 
rab3A* 
rabphl!ln-3A 
syntaxin 
snap-25 
synaptophysln* 
synaptobrevin* 


3-4.  Fusfon/Exocytosis 
munc-18 
NS  F 
snap-25 
synaptobrevin' 
synaptotagmln* 
syntaxin 

Figure  2  The  synaptic  vesicle  cycle  may  be  abnormal  in  Alzheimer’s  disease.  (A)  Electron  micrographs  of  synapses  in  the  cerebral  cortex  of  a 
rhesus  monkey.  Axon  terminals  (T),  containing  many  small  clear  synaptic  vesicles  (arrowheads),  from  synapses  (open  arrow)  with  postsynaptic 
structures.  Synaptic  vesicles  cluster  at  the  active  zone  of  the  presynaptic  membrane.  The  narrow  space  between  the  presynaptic  and  postsynaptic 
components  is  the  synaptic  cleft.  Scale  bar  =  1 .0  pm.  (B)  Diagram  of  the  synaptic  vesicle  cycle.  This  cycle  functions  in  the  regulated  release  of 
neurotransmitter-containing  vesicles  (filled  circles)  from  the  presynaptic  terminal.  Abbreviations:  Az,  synaptic  active  zone;  Sc,  synaptic  cleft. 
The  synaptic  vesicle  cycle  can  be  divided  into  six  major  components,  as  indicated .  Some  of  the  specific  proteins  that  function  at  each  phase  of  the 
cycle  are  indicated.  Some  of  these  proteins  (indicated  by  the  asterisk)  appear  to  be  selectively  vulnerable  in  individuals  with  Alzheimer’s  disease. 


The  functions  of  APP  are  still  not  well-defined, 
although  it  appears  that  APP  functions  at  synapses. 
APP  is  an  abundant  and  ubiquitous  protein  within 
CNS  and  other  tissues.  APP  has  structural  features 
similar  to  some  cell  surface  receptors  and  may  be  a  G- 
protein-coupled  receptor.  Secreted  and  nonsecreted 
forms  of  APP  exist,  with  different  APP  derivatives 
having  neurotrophic  or  neurotoxic  actions.  APP  is 
incorporated  into  the  extracellular  matrix  and,  thus, 
may  have  roles  in  cell-cell  and  cell-substrate  adhesion. 
Furthermore,  APP  may  function  in  the  regulation  of 
neurite  outgrowth,  perhaps  by  modulating  the  effects 


of  neurotrophins  and  cytokines  in  the  responses  of 
neurons  and  glia  to  brain  injury. 

In  cell  culture,  APP  normally  undergoes  constitutive 
proteolytic  cleavage  by  an  a-secretase.  This  enzyme 
cleaves  APP  within  the  A/?  region  at  or  near  the  plasma 
membrane,  thereby  generating  secreted  forms  of  APP 
and  precluding  the  formation  of  full-length  A(J  peptide 
fragments.  APP  is  also  metabolized  by  an  endosomal- 
lysosomal  pathway  that,  unlike  the  a-secretase  path¬ 
way,  yields  amyloidogenic  fragments  of  Aft  that  are 
deposited  in  senile  plaques  (Fig.  4D).  Aft  can  be 
formed  normally  in  vivo  and  in  vitro,  and  studies  of 


Figure  3  Synapses  in  the  hippocampus  of  individuals  with  Alzheimer's  disease  are  abnormal.  (A)  The  hippocampus  of  normal,  aged  control 
humans  has  very  high  levels  of  synapses,  as  revealed  by  the  synaptic  vesicle  protein  synaptophysin  (the  intensity  of  the  black  staining  reflects  the 
amount  of  synaptophysin  immunoreactivity).  Scale  bar  =  42  pm  (same  for  B).  (B)  The  hippocampus  of  an  individual  with  Alzheimer’s  disease 
shows  a  marked  depletion  of  synaptophysin  immunoreactivity  (as  reflected  by  the  less  intense  black  staining). 


cultured  human  cells  and  aged  non-human  primates 
show  that  it  is  generated  intracellularly. 

Although  A)?  has  been  shown  to  be  neurotoxic  in  cell 
culture,  a  causal  role  for  A/?  in  neuronal  degeneration 
within  the  brain  remains  speculative.  A  /?-secretase 
cleaves  APP  at  the  N-terminus  of  A)?,  and  a  y-secretase 
cleaves  APP  at  the  C-terminus  of  A/?,  causing  the 
formation  of  A/?  that  is  either  40  or  42  amino  acids 
long.  This  pathway  for  APP  metabolism  is  found 
within  the  endoplasmic  reticulum  and  Golgi  apparatus 
of  neurons.  Mutant  presenilins  (Table  II)  promote 
A/142  generation.  Presenilins,  which  are  present  at 
relatively  low  levels  in  the  brain,  localize  to  the 
endoplasmic  reticulum  and  Golgi  apparatus.  Mutant 
presenilin  is  processed  differently  from  normal  pre- 
senilin,  and  fragments  that  are  normally  subject  to 
endoproteolytic  cleavage  tend  to  accumulate.  Thus, 
metabolism  of  APP  through  the  /?-  and  y-secretase 
pathways  may  be  promoted  by  presenilin-1  and 


presenilin-2  gene  mutations  linked  to  early-onset 
familial  AD  (Table  II). 

We  and  others  have  shown  that  APP  is  present  in 
essentially  all  neurons  and  in  some  astroglia,  micro¬ 
glia,  and  vascular  endothelial  cells.  The  most  promi¬ 
nent  neuronal  localization  of  APP  is  within  cell  bodies 
and  dendrites  and  is  particularly  enriched  postsynap- 
tically  at  some  synapses.  The  expression  of  APP  in 
nonneuronal  cells  in  the  brain  is  low  in  comparison  to 
the  dominant  expression  of  APP  within  neurons  and 
their  processes.  It  appears  that  astroglia  and  microglia 
constitutively  express  APP  at  low  levels  in  the  resting 
state.  However,  the  relative  enrichment  of  APP  within 
these  neuroglial  cells  changes  in  response  to  brain 
injury  and  synaptic  abnormalities.  This  idea  is  sup¬ 
ported  by  our  finding  that  APP  is  expressed  promi¬ 
nently  by  activated  astroglia  and  microglia  within 
senile  plaques  of  aged  nonhuman  primates  and  by 
other  reports  showing  that  APP  is  localized  to 


Figure  4  Neurofibrillary  tangles  and  amyloid  deposits  are  brain  lesions  that  are  formed  in  patients  with  Alzheimer’s  disease.  (A)  Pyramidal 
neurons  in  the  neocortex  (arrows)  are  vulnerable  in  individuals  with  Alzheimer’s  disease.  Scale  bar  =  50  pm.  (B)  Neurofibrillary  tangles,  which 
are  abnormal  intracellular  aggregates  of  protein  (arrows),  are  formed  in  pyramidal  neurons  in  patients  with  Alzheimer’s  disease.  Scale 
bar  =  50  pm.  (C)  Neurofibrillary  tangles  are  composed  of  x  proteins  (arrows).  Scale  bar=  100  pm.  (D)  Individuals  with  Alzheimer’s  disease 
form  numerous  abnormal  extracellular  deposits  of  A/?  amyloid  protein  in  the  brain  (arrows).  Scale  bar  =  200  pm. 


astrocytes  in  senile  plaques  in  cases  of  AD.  Other 
studies  have  shown  that  some  forms  of  APP  are 
expressed  in  reactive  astrocytes  in  the  early  stages  of 
brain  damage.  Because  levels  of  APP  in  some  neurons 
and  nonneuronal  cells  are  increased  by  the  cytokine 
interleukin- 1,  it  is  likely  that  the  expression  of  APP  is 
inducible  in  glia  when  these  cells  are  activated  in 
response  to  neuronal  injury. 

Several  theories  for  the  formation  of  senile  plaques 
and  A/?  deposits  have  been  presented.  The  genesis  of 
senile  plaques  may  begin  with  the  abnormal  processing 
of  APP  via  /J-secretase  and  the  formation  of  extra¬ 
cellular  A/?  before  the  degeneration  of  cellular  ele¬ 
ments  within  these  brain  lesions.  Alternatively,  AfS 
may  be  derived  from  degenerating  axonal  nerve 
terminals  or  dendrites  containing  APP  that  evolve 
into  neurite-rich  foci  that  form  A y?  at  the  cell  plasma 
membrane  by  aberrant  processing  of  APP  within 
neurons.  In  addition,  invading  reactive  microglia  and 


astroglia  as  well  as  capillaries  may  actively  produce  Ay? 
from  APP. 

We  have  found  that  senile  plaques  are  dynamic 
brain  lesions  that  evolve  from  early  defects  in 
synapses  within  the  neuropil  to  mature  plaques  and 
extracellular  deposits  of  A/?  (Figs.  4D  and  5).  The 
staging  of  these  lesions  is  thought  to  be  the 
degeneration  of  neuritic  structures,  followed  by 
the  attraction  of  reactive  glia  and  the  subsequent 
deposition  of  extracellular  A/?  derived  from  microglia 
or  astrocytes.  Studies  demonstrate  that  structural  and 
biochemical  perturbations  within  neuronal  and  non¬ 
neuronal  cells,  importantly  glia,  occur  before  the 
deposition  of  extracellular  A)?  fibrils.  Furthermore, 
these  results  suggest  that  focal  abnormalities  in 
synaptic  contacts  within  the  neuropil  (synaptic 
disjunction)  may  instigate  this  complex  series  of 
events  resulting  in  the  formation  of  diffuse  senile 
plaques  and  deposits  of  Ay?  (Figs.  4D  and  5).  In 


448 


NEURODEGENERATIVE  DISORDERS 


Figure  5  Electron  microscopy  reveals  the  complexity  of  the  senile  plaques  that  are  formed  in  the  cerebral  cortex.  Extracellular  amyloid  (A)  is 
surrounded  by  numerous  dystrophic,  swollen  neurites  (dn),  which  are  filled  with  abnormal  membranous  organelles.  Microglia  (m)  infiltrate  into 
the  plaques.  A  nearby  neuron  (N)  appears  structurally  normal  Scale  bar = 4  pm. 


response  to  synaptic  disjunction  in  the  aged  brain, 
astroglia  and  microglia  produce  A/?.  The  molecular 
pathology  we  and  others  have  identified  at  the 
synaptic  level  in  humans  with  AD  (Figs.  2  and  3) 


may  be  related  to  senile  plaque  lesions  and  A/? 
deposits  (Figs.  4D  and  5).  Defects  in  the  synaptic 
vesicle  cycle  (Fig.  2)  and  synaptic  disjunction  in  the 
neuropil  may  lead  to  abnormal  APP  processing 
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within  neuroglia  and  could  be  early  events  in  the 
formation  of  senile  plaques  and  A/?  lesions. 

III.  ALS  IS  A  DISEASE  OF  MOTOR  NEURONS 

ALS  is  a  fatal  neurological  disease  that  causes  a 
movement  disorder  (Table  III)  characterized  by  pro¬ 
gressive  muscle  weakness,  muscle  atrophy,  and  even¬ 
tual  paralysis.  Individuals  affected  with  ALS  die 
within  3-5  years  of  clinical  onset.  This  disease  is 
neuropathologically  characterized  by  progressive  de¬ 
generation  of  the  upper  and  lower  motor  neurons  in 
the  brain  and  spinal  cord  (Table  I,  Fig.  6).  The 
neuropathology  of  ALS  is  primary  degeneration  of  the 
upper  (motor  cortical)  and  lower  (brain  stem  and 
spinal)  motor  neurons.  The  amyotrophy  refers  to  the 
neurogenic  atrophy  of  affected  muscle  groups,  and  the 
lateral  sclerosis  refers  to  the  hardening  of  the  lateral 
white  matter  funiculus  in  the  spinal  cord  (correspond¬ 
ing  to  degeneration  of  the  corticospinal  tract)  found  at 
autopsy.  Because  the  mechanisms  for  the  motor 
neuron  degeneration  in  ALS  are  not  understood,  this 
disease  has  no  precisely  known  causes  and  no  effective 
treatments.  Two  major  forms  of  ALS  exist:  idiopathic 
(sporadic)  and  heritable  (familial).  The  vast  majority 
of  ALS  cases  are  sporadic  with  no  known  genetic 
component.  The  familial  forms  of  ALS  (FALS)  are 
autosomal  dominant  and  make  up  about  10-20%  of 
all  ALS  cases.  In  a  subset  of  familial  ALS  cases  (about 
5-10%),  missense  mutations  have  been  identified  in 
the  gene  for  superoxide  dismutase  1  (SOD1),  also 
called  copper-zinc  superoxide  dismutase  (Table  II). 

A  variety  of  theories  have  been  proposed  for  the 
possible  causes  of  neurodegeneration  in  ALS  (Table 
VI).  A  major  center  of  attention  is  the  mutant  forms  of 
SOD1  found  in  FALS.  Because  SOD1  is  widely 
expressed  in  cells  throughout  the  body  and  in  CNS 
tissue  the  expression  is  very  ubiquitous,  the  basis  for 
the  selective  vulnerability  of  motor  neurons  in  the 
presence  of  SOD1  mutations  is  still  not  clear.  Initial 
experiments  hinted  that  mutations  in  SOD1  could  lead 
to  motor  neuron  degeneration  by  decreasing  enzy¬ 


matic  activity,  resulting  in  neurotoxicity  of  reactive 
oxygen  species,  notably  superoxide  radicals  that  are 
inefficiently  scavenged  by  mutant  SOD1.  However,  it 
was  found  that  FALS-linked  mutations  in  SOD1 
generally  do  not  impair  enzymatic  activity  but  instead 
decrease  protein  stability.  It  was  then  proposed  that 
mutant  SOD1  acquires  a  neurotoxic  gain  in  function. 
Mutations  in  SOD1  may  convert  this  enzyme  from  a 
protein  with  antioxidant-antiapoptotic  functions  to  a 
protein  with  apoptosis-promoting  effects.  In  addition 
to  the  dismutation  of  superoxide,  SOD1  also  has 
peroxidase  activity,  and  this  peroxidase  activity  is 
enhanced  in  mutant  SOD1  compared  to  normal 
SOD1.  This  gain  of  function  could  lead  to  the 
enhanced  production  of  reactive  oxygen  species  that 
could  damage  motor  neurons.  In  mice  with  forced 
expression  of  mutant  forms  of  the  gene  encoding  for 
SOD1,  motor  neuron  degeneration  does  occur.  Un¬ 
fortunately,  however,  this  degeneration  in  transgenic 
mice  overexpressing  mutant  forms  of  SOD  1  is  neuro¬ 
pathologically  different  from  the  degeneration  of 
motor  neurons  in  people  with  sporadic  and  familial 
ALS. 

Studies  have  identified  that  the  degeneration  of 
motor  neurons  in  ALS  is  a  form  of  apoptotic  cell  death 
that  appears  to  occur  by  a  programmed  cell  death 
(PCD)  mechanism  (Fig.  7).  PCD  is  a  type  of  cell  death 
that  is  triggered  by  intrinsic  cellular  pathways  invol¬ 
ving  specific  death  proteins.  This  PCD  of  motor 
neurons  in  ALS  could  be  due  to  a  gain  in  function  of 
the  tumor  suppressor  protein  p53.  p53  is  a  DNA- 
binding  phosphoprotein  that  functions  in  genome 
surveillance,  DNA  repair,  and  gene  transcription.  p53 
commits  to  death  cells  that  have  sustained  DNA 
damage  from  genotoxic  agents  and  reactive  oxygen 
species.  DNA  lesions  have  been  found  in  individuals 
with  ALS  possibly  because  of  free  radical  damage  and 
defective  DNA  repair.  Thus,  p53  may  participate  in 
the  mechanisms  for  motor  neuron  death  in  ALS  in 
response  to  DNA  damage.  The  gene  expression  of 
some  cell  death  proteins  is  promoted  by  p53.  For 
example,  the  levels  of  a  protein  called  Bax  (see  Table 
IV)  are  regulated  by  p53.  Bax  is  critical  for  neuronal 


Table  111 

Classification  of  Some  Movement  Disorders  in  Humans 

Motor  neuron  diseases 

Akinetic  disorders 

Hyperkinetic  disorders 

Ataxic  disorders 

Amyotrophic  lateral  sclerosis 

Parkinson’s  disease 

Huntington’s  disease 

Spinocerebellar  degeneration 

Spinal  muscular  atrophy 

Progressive  supranuclear  palsy 

Dystonia 

Ataxia-telangiectasia 
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Figure  6  Motor  neurons  degenerate  in  patients  with  ALS.  (A)  In  normal  control  individuals,  the  anterior  horn  of  the  spinal  cord  (brackets)  is 
populated  with  many  neurons  (black  dots  within  brackets).  Scale  bar  =  0.7  nun  (same  for  B).  (B)  In  ALS,  the  anterior  horn  is  depleted  of 
neurons  (brackets).  (C)  The  anterior  horn  of  the  spinal  cord  in  normal  subjects  is  populated  with  large,  multipolar  motor  neurons  (arrows). 
Scale  bar  =  200  pm  (same  for  D).  (D)  In  ALS,  the  anterior  horn  contains  many  shrunken  neurons  (arrows)  instead  of  large  multipolar  cells. 


apoptosis.  In  ALS,  we  have  found  that  p53  levels  are 
elevated  and  that  this  p53  has  competent  DNA  binding 
activity;  moreover,  Bax  levels  are  elevated  in  indivi¬ 
duals  with  ALS.  This  information  is  novel  and  is 
conceptually  very  important  for  further  understanding 


the  pathobiology  of  motor  neuron  death  in  ALS. 
It  suggests  that  critical  molecular  mechanisms 
for  regulating  human  cancer  are  overactive  in  vulner¬ 
able  CNS  regions  in  a  human-age-related  neurode- 
generative  disease.  This  theory  may  advance  the 


Table  IV 

Leading  Theories  on  the  Possible  Causes  of  Motor  Neuron  Degeneration  in  ALS 


Mechanism 

Comment 

SOD1  mutation 

Found  in  some  FALS  cases.  Resulting  in  a  toxic  gain  in  function  or  modified 
stability  of  SOD  1. 

Excitotoxicity 

Resulting  from  abnormal  glutamate  receptor  activation  and  defects  in 
glutamate  transport. 

Neurotrophin  withdrawal 

Resulting  from  insufficient  muscle  cell-  or  giial-cell-derived  trophic  support  or 
defective  neurotrophin  receptor  signaling. 

DNA  damage-repair  defects 

Resulting  from  oxidative  stress  or  inefficient  DNA  repair  enzyme  function.  May 
involve  both  mitochondrial  and  nuclear  DNA  damage. 

Autoimmunity 

Resulting  from  autoantibodies  to  motor  neuron  antigens. 

Aberrantly  occurring  programmed  cell  death 

May  be  triggered  by  all  of  the  precedings  mechanisms. 
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Figure  7  Motor  neuron  degeneration  in  ALS  is  a  form  of  apoptosis  that  may  be  mediated  by  a  p53-dependent  mechanism.  (A)  Normal 
appearing  spinal  motor  neuron  with  a  large,  multipolar  cell  body  and  a  large  nucleus  (asterisk)  containing  a  reticular  network  of  chromatin  and 
a  large  nucleolus.  Scale  bar  =  7  pm  (same  for  B).  (B)  Near  end  stage  apoptotic  motor  neuron  in  ALS  (arrow).  The  cell  has  shrunken  to  about 
10%  of  normal  size  and  has  become  highly  condensed.  (C  and  D)  Nuclear  DNA  fragmentation  (asterisk)  occurs  in  motor  neurons  in  patients 
with  ALS  as  the  nucleus  condenses  (asterisks)  and  the  cell  shrinks.  Scale  bar  =  7  pm.  (E)  In  individuals  with  ALS,  p53  accumulates  in  the  nuclei 
(asterisk)  of  motor  neurons  (arrow).  The  nearby  neuron  (open  arrow)  has  an  unlabeled  nucleus  for  comparison.  Scale  bar  =  10  pm.  (See  color 
insert  in  Volume  1). 


452 


NEURODEGENERATIVE  DISORDERS 


understanding  of  motor  neuron  degeneration  in  ALS 
and  perhaps  other  age-related  neurodegenerative 
disorders  in  which  chronic  and  progressive  DNA 
damage  may  occur. 

IV.  NEURODEGENERATIVE  DISEASES  OF  THE 
BASAL  GANGLIA  CAUSE  MOVEMENT 
DISORDERS 

The  basal  ganglia  are  subcortical  brain  structures  that 
function  in  sensory-motor  integration  and  in  the 
planning  and  initiation  of  skeletal  muscle  movements. 
The  striatum  (caudate  nucleus  and  putamen),  globus 
pallidus  (external  and  internal  divisions),  substantia 
nigra  (pars  compacta  and  reticulata),  and  subthalamic 
nucleus  are  the  major  components  of  the  basal  ganglia 
(Fig.  8).  The  basal  ganglia  do  not  control  movement 
through  direct  connections  with  lower  motor  neurons, 
but  rather  the  functions  of  the  basal  ganglia  are 


executed  by  the  frontal  cortex  through  corticobulbar 
and  corticospinal  projections  to  brain  stem  and  spinal 
motor  neurons,  respectively.  The  operation  of  the 
basal  ganglia  involves  forebrain-diencephalon-mid- 
brain  circuitry  loops.  The  different  circuits  within  the 
basal  ganglia  utilize  different  neurotransmitters  (Table 
V).  The  primary  input  to  the  basal  ganglia  originates 
from  the  neocortex  and  is  directed  to  the  striatum  (Fig. 
8).  This  corticostriatal  projection  uses  the  excitatory 
neurotransmitter  glutamate.  The  primary  output  cen¬ 
ter  of  the  basal  ganglia  is  the  globus  pallidus,  which 
conveys  signals  to  back  to  the  neocortex  through  the 
thalamus  (Fig.  8).  The  pallidothalamic  projection  is 
inhibitory;  in  contrast,  the  thalamocortical  projection 
is  excitatory  (Table  V).  Thus,  the  globus  pallidus 
functions  to  inhibit  the  excitatory  thalamic  drive  of 
neocortex.  Somatic  movements  occur  when  thalamic 
neurons  are  released  from  tonic  inhibition.  This  release 
occurs  when  corticostriatal  projections  excite  striatal 
neurons  that  can  phasically  inhibit  the  neurons  in  the 


Figure  8  Basal  ganglia  circuits  control  movements.  The  basal  ganglia  comprise  (left  panel)  the  caudate  nucleus  (CN),  putamen  (P),  globus 
pallidus  external  (GPe)  and  internal  (GPi)  divisions,  the  subthalamic  nucleus  (STN),  and  the  substantia  nigra  compact  (SNc)  and  reticular 
(SNr)  divisions.  The  cerebral  cortex  and  thalamus  (T),  although  not  part  of  the  basal  ganglia,  participate  in  the  connectivity  loops  (right  panel). 
See  Table  V  for  connections.  The  major  excitatory  input  to  the  striatum  (the  caudate  nucleus  and  putamen)  is  from  the  cerebral  cortex  (right 
panel).  The  striatum  in  turn  projects  to  the  globus  pallidus  and  the  substantia  nigra  reticular  division.  Striatal  activity  is  modulated  by  extensive 
dopaminergic  input  from  the  substantia  nigra  compacta.  The  major  output  of  the  basal  ganglia  is  directed  toward  the  thalamus,  originating 
from  GPi  and  SNr  (not  shown).  The  thalamic  projection  to  the  cerebral  cortex  (premotor  and  supplementary  motor  areas)  drives  the  activity  of 
the  motor  cortex,  which  executes  somatic  movements. 
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Table  V 

Primary  Connections  of  the  Basal  Ganglia  and  Their  Major 
Neurotransmitters11 


Projection 

Neuro  transmitter 

Neocortex  to  striatum 
(corticostriatal) 

glutamate 

Striatum  to  globus  pallidus 
(striatopallidal) 

GABAA-neuropeptides<: 

Globus  pallidus  externa  to  subthalamic 
nucleus  (pallidosubthalamic) 

GABA 

Subthalamic  nucleus  to  globus  pallidus 
■extema-intema  (subthalamopallidal) 

Glutamate 

Subthalamic  nucleus  to  substantia 
nigra  reticulata  (subthalamonigral) 

Glutamate 

Substantia  nigra  compacta  to 
striatum  (nigrostriatal) 

Dopamine 

Substantia  nigra  reticulata  to 
thalamus  (nigrothalamic) 

GABA 

Globus  pallidus  interna  to 
thalamus  (pallidothalamic) 

GABA 

“See  Fig.  8  for  illustration  of  connections. 

VAminobutyric  acid. 

“Principal  striatal  neurons  coexpress  a  variety  of  neuropeptide 
transmitters,  including  enkephalins,  tachykinins,  and  dynorphin  (see 
the  article  on  Neuropeptides  and  Hormones  in  the  Brain  and  Spinal 
Cord). 

globus  pallidus  that  inhibit  thalamic  neurons.  The 
resulting  activation  of  thalamocortical  projections 
excites  the  premotor  and  supplementary  motor  areas 
of  frontal  neocortex  that  activate  the  motor  cortex, 
thereby  facilitating  movement. 

There  are  two  major  circuits  within  the  basal 
ganglia,  designated  as  the  direct  and  the  indirect 
pathways.  These  two  pathways  counterbalance  each 
another.  The  direct  pathway  is  the  striatal  projection 
to  the  globus  pallidus  (internal  segment)  and  the 
substantia  nigra  reticulata,  which  in  turn  project  to  the 
thalamus  (Fig.  8).  Activation  of  the  direct  pathway 
results  in  the  activation  of  thalamocortical  projections 
and  the  facilitation  of  movement.  The  substantia  nigra 
dopaminergic  neurons  activate  striatal  neurons  of  the 
direct  pathway,  thus  functioning  to  facilitate  move¬ 
ment.  The  indirect  pathway,  in  contrast,  involves  a 
loop  with  the  subthalamic  nucleus  (Fig.  8),  which 
changes  the  physiological  outcome  in  the  thalamus.  In 
the  indirect  pathway,  the  striatum  inhibits  the  globus 
pallidus  (external  segment),  which  functions  to  inhibit 
the  subthalamic  nucleus.  The  subthalamic  nucleus 
projects  back  to  the  globus  pallidus  (both  segments) 
and  to  the  substantia  nigra  reticulata  to  activate  these 
regions;  the  internal  segment  of  the  globus  pallidus  and 


the  substantia  nigra  reticulata  then  inhibit  the  thala¬ 
mus.  Thus,  activation  of  the  indirect  pathway  de¬ 
creases  movement.  The  substantia  nigra  dopaminergic 
neurons  inhibit  striatal  neurons  of  the  indirect  direct 
pathway,  thus  opposing  the  activation  of  the  indirect 
pathway  and  functioning  to  facilitate  movement. 

Diseases  of  the  basal  ganglia  can  cause  involuntary 
movements,  lack  of  movement,  or  slowness  of  move¬ 
ment  (Table  III).  In  Parkinson’s  disease,  degeneration 
of  the  dopaminergic  neurons  in  the  substantia  nigra 
results  in  the  loss  of  dopamine  in  the  striatum. 
Parkinson’s  disease  causes  involuntary  movements 
(tremors),  lack  of  movement  (akinesia),  and  slowness 
of  movement  (bradykinesia).  Some  of  the  neurological 
features  of  Parkinson’s  disease  are  thought  to  arise 
from  the  loss  of  dopamine  inhibition  of  striatal 
neurons  in  the  indirect  pathway  (Fig.  8),  resulting  in 
increased  inhibition  of  the  globus  pallidus  external 
segment  and  greater  excitatory  drive  of  the  subthala¬ 
mic  nucleus  on  the  globus  pallidus  interna  and 
substantia  nigra  reticulata.  Moreover,  the  loss  of 
dopamine  results  in  decreased  activity  of  striatal 
neurons  in  the  direct  pathway,  leading  to  increased 
pallidothalamic  inhibition.  In  Huntington’s  disease, 
degeneration  of  subsets  of  the  principal  neurons  in  the 
striatum  may  lead  to  decreased  activity  of  the  globus 
pallidus  internal  segment  via  the  indirect  pathway 
(Fig.  8).  This  failure  to  suppress  thalamocortical 
activity  is  thought  to  cause  slow  writhing  movements 
of  the  extremities  (athetosis)  and  abrupt  movements  of 
the  limbs  and  facial  muscles  (chorea). 

V.  NEURONAL  DEATH  OCCURS  IN 
DIFFERENT  FORMS 

Neurons  can  die  in  different  ways  (Fig.  9).  The  death  of 
cells  has  been  classified  generally  as  two  distinct  types: 
apoptosis  and  necrosis.  These  two  forms  of  cellular 
degeneration  are  classified  differently  because  they  are 
believed  to  differ  structurally  and  biochemically. 
Apoptosis  is  generally  regarded  as  physiological  cell 
death  and  is  considered  to  be  an  organized  PCD  that  is 
mediated  by  active,  intrinsic  mechanisms  through 
which  certain  molecular  pathways  are  activated  to 
initiate  apoptosis  (Table  VI).  In  contrast,  necrosis  is 
cell  death  resulting  from  a  failure  to  sustain  home¬ 
ostasis  due  to  extrinsic  insults  to  the  cell  (e.g.,  osmotic, 
thermal,  toxic,  traumatic).  The  process  of  cellular 
necrosis  involves  damage  to  the  structural  and  func¬ 
tional  integrity  of  the  cell  plasma  membrane,  a  rapid 
influx  of  ions  and  H2O,  and,  subsequently,  dissolution 
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Figure  9  Neuronal  cell  death  occurs  as  an  apoptosis-necrosis  continuum.  According  to  the  traditional  binary  scheme  for  cell  death,  a  neuron 
(A)  can  die  by  either  necrosis  (B)  or  apoptosis  (C).  These  forms  of  cell  death  were  thought  to  be  structurally  distinct  (representative  images  of 
cells  are  shown)  and  mutually  exclusive.  With  cellular  necrosis  (B),  which  occurs  as  groups  of  cells,  massive  damage  to  organelles  and  the  plasma 
membrane  occurs  with  the  release  of  cellular  constituents.  The  nucleus  (Nu)  undergoes  fragmentation,  with  the  condensation  of  nuclear 
material  being  irregular  and  distinct  from  that  occurring  in  apoptosis.  In  necrotic  neurons  the  nucleolus  can  remain  intact.  In  contrast, 
apoptosis  (C)  is  an  organized  form  of  cell  death  that  occurs  generally  as  isolated  cells  within  groups  of  cells.  The  nucleus  containing  the  DNA  is 
packaged  into  uniformly  condensed  masses  (shown  by  the  round  or  elliptical  black  structures),  and  the  surrounding  cytoplasm  becomes 
shrunken  and  condensed  (shown  by  the  gray)  with  the  organelles  generally  preserved  until  end  stage  apoptosis.  Small  fragments  of  cell 
cytoplasm  surrounding  packaged  chromatin  bud  from  the  dying  cell  and  are  engulfed  by  glial  cells.  The  concept  of  the  apoptosis-necrosis 
continuum  is  based  on  the  observation  that  neurons  can  die  with  a  structure  that  is  a  hybrid  of  apoptosis  and  necrosis  (D).  The  nuclear  (Nu)  and 
cytoplasmic  changes  are  intermediate  between  those  occurring  in  apoptosis  and  necrosis.  The  packaging  of  the  chromatin  occurs  as  large 
irregular  masses  in  the  nucleus.  In  the  cytoplasm,  some  mitochondria  remain  intact  whereas  others  are  swollen. 


of  the  cell.  Thus,  cellular  necrosis  is  induced  not  by  an 
intrinsic  program  within  the  cell  per  se  (as  in  PCD)  but 
by  abrupt  or  slow  homeostatic  perturbations  and 
departures  from  physiological  conditions.  It  has  been 
realized  that  an  abnormal  activation  of  PCD  in  brain 
and  spinal  cord  neurons  may  also  play  a  role  in  the 
disease  process  in  humans  with  neurodegenerative 
disorders;  therefore,  deciphering  of  the  contributions 
of  the  different  types  of  cell  death  in  degenerative 
diseases  of  the  human  CNS  could  help  to  develop 
treatments  for  these  diseases.  These  treatments  could 
possibly  be  drugs  that  inhibit  the  actions  of  key 
enzymes,  ion  channels  in  cell  membranes,  or  numerous 


other  proteins,  as  well  as  drugs  (e.g.,  antioxidants)  that 
block  or  inactivate  the  production  of  toxic  chemicals 
(e.g.,  free  oxygen  radicals)  that  are  generated  during 
the  process  of  neuronal  death. 

VI.  PROGRAMMED  CELL  DEATH  OCCURS 
NORMALLY  DURING  NERVOUS  SYSTEM 
DEVELOPMENT 

Naturally  occurring  apoptotic  degeneration  of  neu¬ 
rons  occurs  normally  in  the  developing  nervous  system 
(Fig.  10).  Animals  are  born  with  excess  numbers  of 
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Table  VI 

Molecular  Regulation  of  Programmed  Cell  Death 


Bcl-2  family 

Antiapoptotic  proteins  Proapoptotic  proteins 

Caspase  family 

IAP  family 

Tumor  suppressor 
family 

Bcl-20 

Bax0 

Apoptosis  “initiators:”  caspase-2,  -8,  -9,  -10 

NAIP 

p53° 

Bcl-x* 

Bak" 

Apoptosis  “executioners:"  caspase-3”,  -6,  -7 

IAP1 

p63 

Boo 

Bcl-Xs 

Cytokine  processors:  caspase-1,  -4,  -5,  -1 1,  -12,  -14 

IAP2 

p73 

Bad 

Bid 

XIAP 

Bik 

‘’Proteins  that  have  been  shown  to  be  abnormal  in  individuals  with  ALS. 
^Proteins  that  have  been  shown  to  be  unchanged  in  ALS. 


neurons.  The  elimination  of  these  supernumerary 
neurons  in  the  developing  nervous  system  occurs  by 
normal  programmed  neurodegeneration  at  specific 
times.  This  normal  neurodegeneration  is  thought  to  be 
important  for  matching  the  size  of  neuronal  groups  to 
the  size  of  their  targets  (other  groups  of  neurons  to 
which  they  are  connected  by  axons  and  nerve  terminal 
synapses)  as  well  as  to  their  own  synaptic  inputs  from 
other  regions.  This  developmental  neuronal  death 
(particularly  of  spinal  and  sympathetic  ganglion 
neurons  and  motor  neurons)  is  thought  to  be  partially 
controlled  by  the  supply  of  sustaining  neurotrophic 
factors  that  are  synthesized  by  the  target  axon- 
associated  glial  cells  or  by  the  input  regions.  Thus,  an 
insufficient  supply  of  neurotrophic  molecules  triggers 
an  apoptotic  process  within  interconnected  groups  of 
neurons  by  PCD. 

Apoptosis  is  regulated  by  specific  molecules  within 
cells  (Table  VI).  Several  genes  that  regulate  apoptosis 
were  originally  identified  in  a  nematode  worm.  Homo¬ 
logous  genes  have  been  identified  in  mammalian  cells. 
The  molecular  mechanisms  for  apoptosis  involve  the 
participation  of  at  least  three  groups  of  proteins  that 
are  made  from  three  different  gene  families.  One  set  of 
proteins  is  the  caspase  family  of  cysteine-containing, 
aspartate-specific  proteases  (14  members  have  been 
identified  to  date).  A  second  group  includes  the  death- 
promoting  and  death-suppressing  proteins  in  the  Bcl-2 
family  (e.g.,  Bcl-2,  Bcl-xL,  Bax,  Bak,  Bad,  Boo).  A 
third  group  of  proteins  is  designated  as  the  inhibitor  of 
apoptosis  protein  (IAP)  family. 

Caspases  exist  as  dormant  proenzymes  in  healthy 
cells  and  are  activated  through  regulated  proteolysis. 
These  proteins  function  in  the  execution  phase  of 
apoptosis  with  “initiator”  caspases  activating  “effec¬ 


tor”  caspases,  which  subsequently  cleave  a  variety  of 
proteins,  thereby  causing  the  molecular  and  structural 
changes  of  apoptosis.  Once  activated,  caspases  act  on 
nuclear  proteins,  cytoskeletal  proteins,  or  cytosolic 
proteins.  Two  different  caspase  cascades  mediate 
PCD.  One  pathway  involves  the  regulated  release  of 
cytochrome  c  from  mitochondria  that  promotes  the 
activation  of  caspase-9  through  Apaf-1  and  then 
caspase-3  activation.  Another  pathway  is  initiated  by 
the  activation  of  cell-surface  death  receptors,  including 
Fas  and  tumor  necrosis  factor  receptor,  leading 
to  caspase-8  activation,  which  in  turn  cleaves  and 
activates  downstream  caspases  such  as  caspase-3,  -6, 
and  -7. 

Apoptosis  regulation  by  the  bcl-2  protooncogene 
family  is  a  very  complex  and  exciting  process  (Table 
VI).  Of  these  genes,  bcl-2  and  bcl-XL  are  antiapoptotic 
(death-suppressing),  whereas  bax,  bcl-xs,  bad,  bak, 
and  bik  are  proapoptotic  (death-promoting).  Member¬ 
ship  into  the  family  of  Bcl-2-related  proteins  is  defined 
by  homology  domains  within  their  amino  acid  se¬ 
quences.  These  domains  function  in  the  interactions 
(i.e.,  binding)  between  members.  Bcl-2  family  members 
exist  as  monomers  (single  proteins)  that  form  homo¬ 
dimers  (two  of  the  same  proteins  bound  together), 
heterodimers  (two  different  proteins  bound  together), 
and  higher  order  multimers  (more  than  two  interacting 
proteins).  For  example,  Bax  forms  homodimers  or 
forms  heterodimers  with  either  Bcl-2  or  Bcl-xL.  When 
Bax  is  present  in  excess,  it  antagonizes  the  antiapop¬ 
totic  activity  of  Bcl-2.  The  formation  of  Bax  homo¬ 
dimers  promotes  apoptosis,  whereas  Bax 
heterodimerization  with  either  Bcl-2  or  Bcl-xL  blocks 
apoptosis.  Thus,  the  complex  steady-state  array  of 
protein-protein  interactions  among  members  of  the 
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Figure  10  Neurodegeneration  in  the  form  of  apoptosis  is  important  for  the  normal  development  of  the  nervous  system.  By  electron 
microscopy  this  naturally  occurring  programmed  cell  death  has  very  characteristic  features.  (A)  In  the  developing  rat  striatum,  degenerating 
neurons  in  the  early  stages  of  apoptosis  are  characterized  by  chromatin  condensation  into  crescentic  caps  (arrowhead)  abutting  the  nuclear 
envelope  and  into  round  aggregates  (asterisk).  The  surrounding  cytoplasm  condenses  (as  indicated  by  the  uniformly  dark  staining),  although 
most  of  the  mitochondria  remain  intact.  Scale  bar =2.5  pm.  (B)  As  apoptosis  progresses,  major  changes  occur  in  the  nucleus  and  cytoplasm. 
The  chromatin  packaging  into  dense  round  clumps  (asterisk)  becomes  more  advanced,  and  the  integrity  of  the  nuclear  envelope  is  lost.  The 
cytoplasm  becomes  more  condensed  and  the  mitochondria  become  damaged.  Astrocytic  processes  (a)  begin  to  surround  the  degenerating  cell. 
Scale  bar =3.0  pm.  (C)  At  end  stage  apoptosis,  fragments  of  cells  consist  of  round  packages  of  chromatin  (asterisk)  surrounded  by  condensed 
cytoplasm.  These  apoptotic  fragments  are  engulfed  by  astrocytic  processes  (a).  Scale  bar =4.0  pm. 


Bcl-2  family  functions  in  dictating  whether  a  cell  lives 
or  dies  by  apoptosis. 

Cell  death  is  also  regulated  by  the  IAP  (inhibitor  of 
apoptosis  protein)  family  (Table  VI).  This  family 
includes  X-chromosome-linked  IAP,  IAP1,  IAP2,  and 
NAIP  (neuronal  apoptosis  inhibitory  protein).  Survi¬ 
val  motor  neuron  is  another  apoptosis  inhibitory 


protein.  The  primary  mechanism  identified  by  which 
IAPs  suppress  apoptosis  is  the  prevention  of  proteo¬ 
lytic  processing  of  specific  caspases.  It  appears  that 
procaspase-9  is  the  major  target  of  IAPs.  However, 
IAPs  do  not  prevent  caspase-8-induced  proteolytic 
activation  of  procaspase-3.  IAPs  can  also  block 
apoptosis  by  reciprocal  interactions  with  the  nuclear 
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transcription  factor  NFjcB.  NAIP  is  abnormal  in 
infants  and  children  with  spinal  muscular  atrophy 
(Table  II). 

The  regulation  of  PCD  in  the  mammalian  nervous 
system  by  caspases  and  bcl-2  family  members  has  been 
substantiated  by  using  transgenic  mouse  technology 
and  neuronal  culture  systems.  In  mice,  deficiencies  in 
the  genes  for  caspase-3  and  caspase-9  result  in 
perinatal  death  and  cerebral  malformations,  possibly 
caused  by  reduced  PCD  during  brain  development. 
Inhibition  of  caspase-1  and  caspase-2  blocks  the 
apoptosis  of  cultured  dorsal  root  and  sympathetic 
ganglion  neurons  when  deprived  of  the  neurotrophin 
nerve  growth  factor;  furthermore,  inhibition  of  cas¬ 
pase-1  arrests  the  PCD  of  motor  neurons  in  cell  culture 
resulting  from  neurotrophic  factor  deprivation  and  in 
the  nervous  system  during  the  period  of  naturally 
occurring  cell  death.  Mice  that  overexpress  the  bcl-2 
gene  or  have  the  bax  gene  eliminated  fail  to  exhibit 
normal  PCD  of  neurons  in  some  nervous  system 
regions,  whereas  6c/-2-deficient  mice  show  progressive 
neurodegeneration  after  the  period  of  PCD. 

VII.  GLUTAMATE  RECEPTOR  EXCITOTOXICITY 
KILLS  NEURONS 

Neurons  communicate  by  neurotransmission  at  sy¬ 
napses  (Fig.  2A).  In  the  CNS,  the  amino  acid 
glutamate  is  the  major  excitatory  neurotransmitter 
that  is  packaged  into  small  clear  synaptic  vesicles  (Fig. 
2A).  Glutamate  is  released  from  nerve  terminals  into 
the  synaptic  cleft  by  regulated  exocytosis  of  synaptic 


vesicles  (Fig.  2B).  Concentrations  of  glutamate  at  the 
synaptic  cleft  have  been  estimated  to  be  approximately 
1  m M,  whereas  the  concentration  of  interstitial  gluta¬ 
mate  is  about  1  \lM.  Glutamate  can  bind  and  activate 
several  types  of  glutamate  receptors  (GluRs)  on 
neurons  (Table  VII).  These  GluRs  are  classified 
broadly  as  either  ion  channel  or  metabotropic 
G-protein-coupled  receptors.  These  classes  of  GluRs 
have  distinct  molecular  compositions  and  distinct 
signal  transduction  mechanisms. 

The  ion  channel  GluRs  are  the  JV-methyl-D-aspar- 
tate  (NMDA)  receptors  and  the  non-NMDA  recep¬ 
tors.  The  non-NMDA  GluRs  are  further  divided  into 
the  a-amino-3-hydroxy-5-methyl-4-isoxazole  propio¬ 
nate  (AMPA)  and  kainate  (KA)  receptors  (Table  VII). 
The  ion  channel  GluRs  all  form  monovalent  cation 
(Na  +  ,  K+)  conducting  channels,  but  they  have 
differences  in  their  permeabilities  to  divalent  cations 
(Ca2+).  The  activation  of  ion  channel  GluRs  directly 
changes  the  conductance  of  specific  ions  through  the 
receptor-ion  channel  complex,  thereby  inducing  mem¬ 
brane  depolarization.  Fast,  short-lived  (l-10msec) 
excitatory  postsynaptic  currents  in  most  neurons  in  the 
CNS  are  mediated  by  these  receptors.  These  receptors 
are  oligomers,  most  likely  pentameric  heterooligo¬ 
mers,  of  homologous  subunits  encoded  by  distinct 
genes.  The  NMDA  receptor  subunits  are  NR1, 
NR2A-NR2D,  and  NR3,  the  AMPA  receptor  sub¬ 
units  are  GluRl-GluR4  (or  GluRA-GluRD),  and  the 
kainate  receptor  subunits  are  GluR5-GluR7  and 
KA1-KA2. 

The  metabotropic  GluRs  (mGluRs)  are  G-protein- 
coupled  receptors  that  are  single  proteins  encoded  by 


Table  VII 

Molecular  Classification  of  Glutamate  Receptors 


Ion  channel  (ionotropic)  receptors 


G  protein-coupled  (metabotropic)  receptors 


NMDA 

Non-NMDA 

Group  I 

Group  II 

Group  III 

AMPA  Kainate 

Receptor  subunits 


NR1 

GluRl 

GluR5 

NR2A 

GluR2 

GIuR6 

NR2B 

GluR3 

GluR7 

NR2C 

GluR4 

KA1 

NR2D 

KA2 

NR3 

mGIuRl 

mGluR2 

mGluR4 

mGiuR5 

mGluR3 

mGluR6 

mGluR7 

mGluR8 
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single  genes.  The  mGluRs  do  not  form  ion  channels 
but  are  instead  linked  to  signal  transduction  mole¬ 
cules  within  the  plasma  membrane.  mGluRs  have 
slower  electrophysiological  characteristics  (latencies 
>  100  msec)  than  ion  channel  GluRs.  Group  I 
mGluRs  (mGluRl  and  mGluR5)  operate  through 
activation  of  phospholipase  C  (PLC)  by  Gq  proteins, 
phosphoinositide  hydrolysis  and  generation  of  inositol 
1,4,5-triphosphate  and  diacylglycerol,  and  subsequent 
mobilization  of  Ca2+  from  nonmitochondrial  intra¬ 
cellular  stores.  Group  II  mGluRs  (mGluR2  and  3)  and 
group  III  mGluRs  (mGluR4  and  6-8)  function  by  Gj- 
or  G0-protein-mediated  inhibition  of  adenylyl  cyclase 
and  modulation  of  ion  channel  activity. 

Although  glutamate  and  GluR  activation  are  criti¬ 
cal  for  normal  nervous  system  function,  glutamate  is 
toxic  to  neurons  at  abnormally  high  concentrations  if 
the  GluRs  on  neurons  are  excessively  activated.  This 
process  is  called  excitotoxicity.  The  excessive  stimula¬ 
tion  of  GluRs  by  glutamate  or  chemical  analogs  of 
glutamate  produces  abnormalities  in  intracellular 
ions,  pH,  protein  phosphorylation,  energy  levels,  and 
reactive  oxygen  species.  Acute  excitotoxicity  causes 
degeneration  in  neuronal  cultures  of  animal  brain  and 
spinal  cord  and  after  intracerebral  delivery  of  GluR 
activators  into  the  CNS  of  experimental  animals.  In 
addition,  excitotoxicity  participates  in  the  mechanisms 
for  neuronal  degeneration  in  animal  models  of  cerebral 
ischemia,  as  well  as  brain  and  spinal  cord  trauma,  and 
in  the  neurotoxicity  in  humans  resulting  from  con¬ 
sumption  of  mussels  contaminated  with  the  KA 
receptor  activator  domoic  acid.  Excitotoxicity  is  also 
suspected  as  a  culprit  in  the  nerve  cell  loss  associated 
with  AD,  ALS,  Huntington’s  disease,  and  Parkinson’s 
disease. 

The  precise  mechanisms  for  GluR-mediated  excito- 
toxic  degeneration  of  neurons  are  not  understood. 
Both  neuronal  culture  and  animal  model  data  are 
discordant  with  regard  to  whether  excitotoxic  neuro¬ 
nal  death  is  apoptosis  or  necrosis.  Activation  of 
neuronal  GluRs  kills  neurons  by  pathways  that  may 
involve  alterations  in  cytosolic  free  Ca2+  homeostasis 
and  activation  of  Ca2+ -sensitive  proteases,  protein 
kinases,  endonucleases,  lipases,  and  phospholipases. 
Excitotoxicity  results  in  an  activation  of  endonucleases 
(DNA-cleaving  enzymes)  and  internucleosomal  diges¬ 
tion  of  genomic  DNA  into  180-200  base  pair  frag¬ 
ments  12-48  hr  after  intracerebral  injections  of 
excitotoxins  in  rats.  Internucleosomal  fragmentation 
of  DNA  also  occurs  in  cultures  of  cortical  neurons, 
although  others  have  not  found  internucleosomal 
DNA  fragmentation  in  cell  culture. 


The  structural  changes  that  occur  in  neurons  in 
the  adult  rat  brain  after  an  excitotoxic  insult 
include  swelling  and  vacuolation  of  the  cell  body 
and  dendrites,  fragmentation  of  the  nucleus  into 
irregular  clumps  of  chromatin,  and  damage  to 
membranous  organelles  including  the  Golgi  appa¬ 
ratus,  endoplasmic  reticulum,  and  mitochondria. 
This  damage  is  thought  to  be  typical  of  cellular 
necrosis  (Fig.  9).  However,  in  the  immature  brain, 
excitotoxicity  can  cause  neuronal  death  very  similar 
to  apoptosis. 


VIII.  NEURONAL  DEGENERATION  CAN  OCCUR 
AS  AN  APOPTOSIS-NECROSIS  CONTINUUM 

We  have  developed  the  concept  that  neuronal  degen¬ 
eration  is  influenced  by  brain  maturity  and  GluR 
subtype.  We  tested  the  hypothesis  that  GluR-mediated 
excitotoxicity  in  the  brain  induces  neuronal  death  with 
characteristics  that  vary  depending  on  the  maturity  of 
the  brain  at  the  time  of  the  insult  and  the  GluR  subtype 
that  is  activated.  In  the  newborn  rat  brain,  excitotoxic 
activation  of  NMDA  and  non-NMDA  GluRs  (Table 
VII)  causes  neuronal  death  with  phenotypes  ranging 
from  apoptosis  to  necrosis  (Fig.  9).  Three  structurally 
different  forms  of  dying  neurons  were  identified 
initially:  a  classic  apoptotic  form,  a  vacuolated  form, 
and  a  classic  necrotic  form.  When  the  progression  of 
excitotoxin-induced  neuronal  death  in  the  newborn 
brain  was  evaluated,  it  was  found  that  the  vacuolated 
form  is  a  precursor  stage  of  apoptosis,  which  has  many 
similarities  to  the  PCD  that  occurs  naturally  in  the 
developing  brain.  Thus,  some  neurons  die  as  a  hybrid 
of  apoptosis  and  necrosis.  In  contrast,  when  the  adult 
rat  brain  is  exposed  to  excitotoxins,  the  degeneration 
of  neurons  caused  by  NMDA  receptor  activation  is 
morphologically  necrotic;  however,  the  neuronal 
death  produced  by  non-NMDA  receptor  activation 
(Table  VII)  is  distinct  from  that  caused  by  NMDA 
receptor  stimulation.  Non-NMDA  receptor-mediated 
neuronal  death  in  the  adult  brain  has  some  cytoplas¬ 
mic  and  nuclear  features  reminiscent  of  neuronal 
apoptosis  in  the  excitotoxically  injured  newborn  brain, 
although  non-NMDA  receptor  excitotoxic  neurode¬ 
generation  in  the  adult  brain  and  naturally  occurring 
apoptosis  in  the  developing  brain  are  very  different 
structurally.  Surprisingly,  both  NMDA  and  non- 
NMDA  receptor-mediated  excitotoxic  neurodegen¬ 
eration  occur  in  the  presence  of  apoptotic-like  inter¬ 
nucleosomal  DNA  fragmentation. 


NEURODEGENERATIVE  DISORDERS 


459 


Our  experiments  using  this  animal  model  of 
excitotoxic  degeneration  of  neurons  led  to  the  novel 
concept  of  an  apoptosis-necrosis  continuum  for 
neuronal  death  in  the  CNS.  We  concluded  that  the 
excitotoxic  death  of  neurons  does  not  have  to  be 
strictly  apoptotic  or  necrotic,  according  to  a  tradi¬ 
tional  binary  classification  of  cell  death  (Fig.  9),  but 
it  can  also  occur  as  intermediate  or  hybrid  forms  of 
cell  death  with  coexisting  characteristics  that  lie 
along  a  structural  continuum  with  apoptosis  and 
necrosis  at  the  extremes.  This  continuum  is  influ¬ 
enced  by  the  subtype  of  GluR  that  is  activated  (Table 
VII);  hence,  excitotoxic  neuronal  death  may  not  be 
identical  in  every  neuron,  possibly  because  of  the 
high  diversity  in  the  expression,  localization,  and 
function  of  GluR  subtypes  and  second  messenger 
systems  in  the  CNS.  We  also  concluded  that  the 
structure  of  neuronal  death  is  influenced  by  CNS 
maturity,  because  excitotoxic  degeneration  of  adult 
neurons  does  not  occur  with  apoptotic  structural 
features  that  closely  resemble  those  seen  during 
naturally  occurring  cell  death  in  the  developing 
nervous  system. 

This  new  concept  may  be  important  for  under¬ 
standing  how  neuronal  degeneration  occurs  in  neu¬ 
rological  disorders  that  affect  the  human  brain  and 
spinal  cord  (Table  I)  and,  thus,  may  be  important  for 
future  studies  aimed  at  the  prevention  of  neuronal 
loss  in  human  neurodegenerative  diseases.  The 
clarification  of  the  relationships  between  mechanisms 
of  neuronal  death  (active  or  passive)  and  the 
resulting  structure  of  dying  neurons  in  human 
neurodegenerative  disease  is  important,  particularly 
when  addressing  hypotheses  as  to  whether  PCD 
and  apoptosis  are  equivalent  and  whether  apoptosis 
and  necrosis  are  mutually  exclusive  forms  of 
neuronal  cell  death.  Furthermore,  if  brain  maturity 
dictates  how  neurons  die,  then,  in  humans,  neuronal 
degeneration  in  adults  may  be  fundamentally 
different  from  neuronal  degeneration  in  newborns 
or  children.  For  example,  mature  neurons  appear 
to  be  less  capable  than  immature  neurons  of 
displaying  an  apoptotic  structure  after  an  excito¬ 
toxic  insult.  An  injury  that  produces  a  hybrid  of 
apoptosis  and  necrosis  in  the  adult  CNS  is  more 
likely  to  elicit  primarily  apoptosis  in  the  immature 
CNS.  We  speculate  that  PCD  mechanisms  may 
be  activated  more  readily  after  an  injury  to 
the  immature  brain  than  to  the  mature  brain, 
because  immature  neurons  are  closer  than  mature 
neurons  to  the  period  of  naturally  occurring  devel¬ 
opmental  PCD. 


IX.  APOPTOSIS  MAY  HAVE  IMPORTANT 
CONTRIBUTIONS  TO  NEURODEGENERATIVE 
DISORDERS  IN  HUMANS 

It  has  been  discovered  that  the  degeneration  of 
neurons  in  ALS  is  a  form  of  apoptosis  (Fig.  7). 
Vulnerable  brain  and  spinal  cord  regions  in  ALS 
(Table  I)  have  abnormalities  in  the  balance  of  Bcl-2, 
Bax,  and  Bak  proteins  and  abnormalities  in  their 
interactions  (Table  IV).  However,  the  initial  molecular 
pathology  and  upstream  signals  for  motor  neurons  to 
engage  PCD  mechanisms  are  not  known,  although  we 
suspect  DNA  damage.  Furthermore,  it  is  still  un¬ 
known  whether  the  neuronal  degeneration  in  other 
age-related  neurological  disorders  such  as  AD,  Par¬ 
kinson’s  disease,  and  Huntington’s  disease  is  related 
causally  to  an  abnormal  activation  of  PCD  pathways 
in  selectively  vulnerable  neurons. 

Much  uncertainty  also  centers  around  the  possible 
role  of  apoptosis  in  the  nerve  cell  degeneration  resulting 
from  cerebral  ischemia  caused  by  heart  failure,  asphyx¬ 
iation,  and  stroke.  Historically,  cellular  degeneration 
resulting  from  these  abnormalities  has  been  considered 
a  form  of  cellular  necrosis,  but  it  has  been  suggested 
that  postischemic  neurodegeneration  is  apoptosis  pos¬ 
sibly  mediated  by  a  PCD  mechanism.  However,  the 
contribution  of  apoptosis  to  the  selective  degeneration 
of  neurons  after  ischemia  is  not  yet  resolved. 

X.  ANIMAL  MODELS  OF  NEURODEGENERATION 
ARE  NECESSARY  TO  UNDERSTAND  HOW 
NEURONS  DIE 

Animal  models  of  neuronal  degeneration  are  crucial  for 
improving  our  understanding  of  the  mechanisms  and 
progressive  stages  of  neuronal  death.  These  models 
provide  an  experimental  system  to  identify  how  nerve 
cells  die  in  paradigms  that  mirror  certain  neuropatho- 
logical  and  clinical  features  of  a  neurological  disorder 
that  occurs  in  humans  (Tables  I  and  VIII).  With  animal 
models,  the  process  of  nerve  cell  death  can  be  studied  at 
the  structural,  biochemical,  and  molecular  levels,  and 
then  subsequently  the  model  can  be  used  to  test  new 
therapies  to  prevent  the  degeneration  of  neurons  in  a 
biologically  relevant  system. 

A.  Neuronal  Degeneration  in  Models  of  Axotomy 
and  Target  Deprivation 

Animal  models  of  axotomy  (axon  cutting  or  transec¬ 
tion)  and  target  deprivation  (target  removal)  provide 
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insight  into  the  mechanisms  of  progressive  neuronai 
degeneration  and  are  relevant  to  acute  and  slow, 
chronic  degenerative  disorders  that  affect  the  human 
brain  or  spinal  cord  (Table  VIII).  The  progression  of 
axotomy-target  deprivation-induced  neuronal  degen¬ 
eration  and  the  likelihood  of  subsequent  neuronal 
death  or  survival  are  influenced  by  several  variables, 
including  whether  the  cell  body  of  an  axotomized 
neuron  resides  within  the  peripheral  nervous  system 
(PNS)  or  CNS,  the  age  of  the  animal  at  the  time  of 
injury,  the  location  of  axonal  trauma  in  relation  to  the 
cell  body,  and  the  animal  species.  In  the  immature 
brain  and  spinal  cord,  axotomized  neurons  often  die 
rapidly.  Axotomy-induced  degeneration  of  motor 
neurons  in  the  immature  CNS  appears  to  be  apoptosis 
on  the  basis  of  structural  evidence  in  mouse  and  chick 
and  the  finding  that  overexpression  of  the  bcl-2  gene 
reduces  motor  neuron  death  in  newborn  mice  in 
response  to  facial  nerve  transection  or  sciatic  nerve 
transection.  In  contrast,  in  the  adult  nervous  system, 
axotomized  neurons  can  recover  or  persist  in  some 
altered  form  or  they  can  undergo  apoptosis.  The 
outcome  depends  upon  the  type  of  model.  Thus,  in 
general,  neuronal  apoptosis  is  induced  more  easily  by 
axotomy  in  the  immature  or  newborn  CNS  than  in  the 
mature  or  adult  CNS.  Differences  in  the  fate  of  target- 
deprived  neurons  in  the  developing  and  adult  CNS 
may  be  related  to  the  extent  of  target  deprivation  and 
collateral  connections  of  deprived  neurons  with  other 
brain  regions  and  related  to  the  differential  ability  to 
activate  a  PCD  pathway. 

Interruption  of  specific  axonal  pathways  by  transec¬ 
tion  in  rodents  and  nonhuman  primates  can  be  used  as 


a  model  for  some  forms  of  neuronal  degeneration  and 
behavioral  deficits  found  in  humans  with  certain 
neurological  disorders  (Table  VIII).  The  hippocampal 
formation  and  septum  form  a  neural  system  in  the 
brain  that  functions  in  learning  and  memory.  This 
system  is  vulnerable  in  AD  (Table  I).  These  brain 
regions  are  interconnected  by  an  axon  pathway  called 
the  fimbria-fornix.  Transection  of  the  fimbria-fornix 
is  a  model  of  target  deprivation-axotomy  that  results 
in  degeneration  of  neurons  in  the  basal  forebrain 
cholinergic  complex  and  partial  removal  of  glutamate¬ 
utilizing  synaptic  inputs  (deafferentation)  to  neurons 
in  the  lateral  septal  nucleus.  By  using  this  model  in  rats, 
we  have  shown  that  these  neurons  that  are  deprived  of 
their  target  or  of  inputs  undergo  chronic  atrophy 
rather  than  death.  They  shrink  but  survive  in  a  sickly 
state.  Thus,  long-term  damage  occurs  within  the  cell 
bodies  and  dendrites  (the  major  synapse-receiving 
areas)  of  these  neurons,  including  the  formation  of 
vacuolar  pathology,  but  they  do  not  die.  This  is 
encouraging  because,  if  the  process  is  reversible, 
therapeutic  interventions  could  restore  these  neurons 
to  a  normal  healthy  condition. 

This  neuronal  injury  within  the  septal  complex  of  rat 
brain  after  fimbria-fornix  transection  has  some  pa¬ 
thological  similarities  to  neuronal  damage  caused  by 
excitotoxic  GluR  activation  (Table  VII),  suggesting  a 
mechanistic  overlap.  This  idea  has  been  confirmed  by 
experiments  showing  that  a  drug  that  blocks  NMDA 
receptors  reduces  the  neuronal  damage  in  the  septum 
after  fimbria-fornix  transection.  This  work  shows 
that,  following  interruption  of  the  fimbria-fornix,  the 
neuronal  damage  that  occurs  within  the  septum  is 


Table  VIII 

Human  Neurodegenerative  Disorders  and  Animal  Models 


Neurological  condition 

Age  of  onset 

Major  vulnerable  CNS  regions 

Animal  model 

Alzheimer’s  disease 

Adult  (mid  to  late  life) 

Neocortex,  hippocampus, 
amygdala,  basal  forebrain 

Axotomy/target  deprivation,  excitotoxicity, 
aging  nonhuman  primates,  transgenic  mice 

Amyotrophic  lateral 
sclerosis 

Adult  (midlife) 

Motor  neurons  in  spinal 

cord  and  brain  stem,  motor  cortex 

Axotomy-target  deprivation,  excitotoxicity, 
transgenic  mice 

Parkinson’s  disease 

Adult  (midlife) 

Substantia  nigra  dopaminergic 
neurons 

Target  deprivation,  excitotoxicity,  MPTP 
poisoning,  transgenic  mice 

Huntington’s  disease 

Adult  (midlife) 

Striatum  (caudate  nucleus) 

Excitotoxicity,  metabolic  toxins,  transgenic  mice 

Spinal  muscular  atrophy 

Infancy-childhood 

Motor  neurons  in  spinal  cord 
and  brain  stem 

Axotomy-target  deprivation,  transgenic  mice 

Cerebral  ischemia 

Any  age 

Cerebral  cortex,  striatum, 
cerebellum,  thalamus 

Global  cerebral  ischemia,  focal  cerebral  ischemia 
(stroke),  excitotoxicity,  axotomy-target  deprivation 

CNS  trauma 

Any  age 

Cerebral  cortex,  striatum, 
cerebellum,  thalamus,  spinal  cord 

Contusion-compression  injury,  excitotoxicity, 
axotomy-target  deprivation 
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partly  caused  by  a  sublethal  excitotoxic  process 
involving  NMDA  receptors.  Although  GluR  activa¬ 
tion  has  been  implicated  in  a  variety  of  neurodegen- 
erative  processes  within  the  CNS,  these  experiments 
have  identified  important  links  between  degenerative 
processes  in  neurons  caused  by  axon  transection, 
target  deprivation,  and  deafferentation  (removal  of 
inputs)  and  those  caused  by  excitotoxic  mechanisms 
that  may  be  relevant  to  the  neurodegeneration  in  AD. 

It  was  discovered  that  the  neuronal  degeneration  in 
ALS  has  structural  features  of  apoptosis  and  molecu¬ 
lar  characteristics  of  PCD.  Because  ALS  is  an  adult- 
onset  neurodegenerative  disease,  and  because  of  the 
newly  developed  concept  of  the  apoptosis-necrosis 
continuum,  it  is  necessary  to  study  the  mechanisms  of 
neuronal  apoptosis  in  the  CNS  of  adult  animals. 
Therefore,  models  of  bona  fide  neuronal  apoptosis  in 
the  adult  brain  and  spinal  cord  have  been  developed. 
In  one  model,  the  neocortex  is  damaged  by  unilaterally 
ablating  the  visual  cortex  in  the  rat.  This  model 
axotomizes  and  deprives  thalamic  relay  neurons  in  the 
dorsal  lateral  geniculate  nucleus  of  their  neocortical 
target.  In  another  model,  the  sciatic  nerve  is  removed 
by  avulsion.  This  model  axotomizes  and  deprives 
motor  neurons  in  the  lumbar  spinal  cord  of  vital 
muscle-  and  Schwann-cell-derived  survival  factors. 

By  using  these  models  of  retrograde  neuronal 
degeneration,  it  has  been  discovered  that  neuronal 
apoptosis  occurs  in  association  with  the  accumulation 
of  functionally  active  mitochondria  and  oxidative  (free 
radical)  damage  to  the  DNA  in  the  cell  nucleus.  An 
important  new  theory  of  neuronal  degeneration  has 
been  developed  on  the  basis  of  these  animal  models  of 
definitive  neuronal  apoptosis.  Mitochondrial  accumu¬ 
lation  within  the  neuronal  cell  body  and  increased 
cytochrome  c  oxidase  activity  may  result  in  over¬ 
whelming  generation  of  reactive  oxygen  species  within 
the  vicinity  of  the  neuronal  nucleus,  depletion  of 
mitochondrial  and  cytosolic  antioxidant  mechanisms, 
subsequent  oxidative  damage  to  proteins  and  nucleic 
acids,  and  failure  of  DNA  repair  mechanisms.  The 
mitochondria  become  progressively  damaged,  as  evi¬ 
denced  by  their  swelling  and  lysis  of  the  inner 
membrane  that  manifest  concurrently  with  incipient 
condensation  of  the  neuronal  cytoplasm,  supporting 
the  hypothesis  that  apoptosis-initiating  factors 
are  sequestered  within  the  mitochondrial  intermem¬ 
brane  space,  which  upon  their  release  activate  an 
apoptotic  cell  death  cascade.  Damage  to  DNA  then 
activates  a  p53-dependent  form  of  PCD  in  injured 
neurons.  At  present,  it  is  still  not  known  whether  this 
process  truly  mimics  the  condition  in  humans  with  a 


neurodegenerative  disease,  but  this  idea  is  being 
actively  studied. 

The  process  of  axotomy-induced  neuronal  apopto¬ 
sis  is  associated  with  hydroxyl  radical  damage  to 
DNA.  Hydroxyl  radicals  are  products  of  the  transition 
metal  (e.g.,  iron)  catalyzed,  Haber-Weiss-  and  Fen¬ 
ton-type  reactions  that  use  superoxide  and  hydrogen 
peroxide  as  substrates,  respectively.  Among  the  reac¬ 
tive  oxygen  species,  hydroxyl  radicals  are  highly 
reactive  and  are  thought  to  be  genotoxic  by  interacting 
with  DNA  and  producing  DNA  strand  breaks  and 
base  modifications.  Our  experiments  are  very  impor¬ 
tant  because  they  show,  for  the  first  time,  the 
formation  of  hydroxyl-radical-modified  DNA  during 
the  progression  of  neuronal  apoptosis  in  animal 
models  that  are  relevant  to  both  AD  and  ALS. 


B.  Neuronal  Degeneration  in  Models  of 
Cerebral  Ischemia 

An  interruption  in  the  normal  supply  of  oxygen  to  the 
brain  resulting  from  abnormal  blood  flow  or  low 
amounts  of  oxygen  in  the  blood  causes  cerebral 
hypoxia-ischemia.  If  the  entire  brain  is  affected,  as  in 
heart  failure  or  asphyxiation,  the  abnormality  is  called 
global  cerebral  hypoxia-ischemia.  If  only  specific 
regions  are  affected  as  in  stroke,  the  perturbation  is 
called  focal  cerebral  ischemia.  The  mechanisms  by 
which  cerebral  ischemia  produces  irreversible  neuro¬ 
nal  death  are  still  not  fully  understood.  Interestingly, 
only  certain  regions  of  the  brain  are  selectively  da¬ 
maged  by  global  cerebral  hypoxia-ischemia  (Table  I). 

We  have  studied  neuronal  degeneration  by  using 
models  of  global  ischemia  in  experimental  animals. 
The  degeneration  of  pyramidal  neurons  in  the  neo¬ 
cortex  and  hippocampus,  Purkinje  cells  in  the  cerebel¬ 
lum,  and  medium  spiny  neurons  in  the  striatum  after 
global  ischemia  (Table  I)  pathologically  is  a  form  of 
cellular  necrosis  rather  than  apoptosis.  We  have 
observed  patterns  of  DNA  fragmentation,  with  a 
progression  that  is  very  consistent  with  acute  damage 
by  reactive  oxygen  species  and  subsequent  neuronal 
necrosis.  The  degeneration  of  selectively  vulnerable 
neurons  after  ischemia  (Table  I)  evolves  in  association 
with  damage  to  organelles  that  function  in  protein 
synthesis,  posttranslational  modification,  and  secre¬ 
tion.  Disaggregation  of  polyribosomes  and  fragmen¬ 
tation  or  vesiculation  of  the  endoplasmic  reticulum 
and  Golgi  apparatus  are  prominent  examples  of  this 
subcellular  pathology  that  would  likely  alter  protein 
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synthesis-processing  capabilities.  This  degeneration  of 
neurons  after  ischemia  is  structurally  similar  in  the 
different  brain  regions,  regardless  of  the  severity  of  the 
ischemia  and  whether  the  degeneration  occurs  acutely 
(<  24  hr)  or  is  delayed  (3-7  days).  Thus,  the  acute  and 
delayed  neuronal  deaths  after  cerebral  ischemia  are 
structurally,  and  perhaps  mechanistically,  identical.  In 
several  models  of  global  cerebral  ischemia,  neuronal 
degeneration  in  selectively  vulnerable  regions  is  indis¬ 
tinguishable  structurally  from  the  neuronal  death 
caused  by  excitotoxicity,  and,  specifically,  it  closely 
resembles  the  neuronal  necrosis  caused  by  NMDA 
GluR  activation  in  the  adult  brain. 

In  the  same  animal  models,  apoptotic  cell  death 
occurs  in  some  neuronal  groups  that  are  not  typically 
regarded  as  selectively  vulnerable  to  ischemia.  For 
example,  subsets  of  granule  cells  in  the  hippocampal 
dentate  gyrus  and  cerebellar  cortex  and  subsets  of 
neurons  in  the  thalamus  undergo  apoptosis.  In  addi¬ 
tion,  prominent  apoptotic  death  of  white  matter 
oligodendrocytes  can  occur.  It  has  been  theorized  that 
apoptosis  in  these  groups  of  cells  after  global  ischemia 
is  a  form  of  PCD  caused  by  target  deprivation  and 
axonal  degeneration  in  response  to  necrotic  degenera¬ 
tion  of  selectively  vulnerable  populations  of  neurons 
(Table  I).  Thus,  necrosis  and  apoptosis,  occurring  as 
secondary  degeneration  in  remote  or  distant  brain 
areas  resulting  from  target  deprivation,  both  contri¬ 
bute  to  the  neurodegeneration  after  cerebral  ischemia. 

Interestingly,  cell  death  in  the  different  settings  of 
naturally  occurring  and  pathological  neuronal  degen¬ 
eration  may  be  mechanistically  distinct,  or  some  of  the 
underlying  mechanisms  in  these  different  settings  of 
neuronal  degeneration  may  be  shared  to  varying 
degrees,  but  they  differ  in  the  rate  at  which  the  primary 
mechanisms  of  injury  occur  (e.g.,  how  fast  an  oxidative 
stress  occurs).  For  example,  oxidative  stress  and  free 
radical  damage  in  neuronal  death  caused  by  target 
deprivation-axotomy  evolve  slowly,  and  the  corre¬ 
sponding  neuronal  death  is  apoptosis;  in  contrast,  if 
oxidative  stress  evolves  rapidly,  as  in  the  death  of 
striatal  neurons  after  ischemia,  then  the  neuronal 
death  is  necrosis. 

An  important,  unresolved  question  regarding  the 
pathobiology  of  neuronal  degeneration  is  whether  the 
absence  of  the  classic  apoptotic  structure  in  vulnerable 
populations  of  neurons  is  sufficient  evidence  to  exclude 
the  possibility  that  PCD  participates  in  the  pathogen¬ 
esis  of  neuronal  degeneration.  All  forms  of  PCD  may 
not  occur  via  apoptosis.  For  example,  the  death  of  T 
cells  during  negative  selection  in  mouse  thymus  and  the 
death  of  intersegmental  muscles  during  metamorpho¬ 


sis  in  the  moth  Manduca  sexta  both  occur  by  PCD; 
however,  these  cell  populations  die  with  distinct 
structural  and  biochemical  features.  Thus,  some  cells 
can  die  by  a  PCD  mechanism  that  is  not  associated 
with  the  structure  of  classic  apoptosis.  Clearly,  much 
more  work  using  animal  and  cell  models  is  needed  to 
answer  this  complex  question  as  it  may  relate  to 
neuronal  degeneration  in  disorders  of  the  human  brain 
and  spinal  cord. 


XI.  THE  FUTURE  IS  PROMISING  FOR 
UNDERSTANDING  THE  CAUSES  OF 
NEURODEGENERATIVE  DISORDERS 
IN  HUMANS  AND 
IDENTIFYING  TREATMENTS 

Unfortunately,  no  effective  treatments  are  available  to 
prevent  or  cure  any  of  these  neurological  disorders  that 
affect  humans.  Molecular  genetics  studies  are  likely  to 
identify  additional  gene  mutations  or  deletions  that  are 
associated  with  progressive  neurodegenerative  disor¬ 
ders  (Table  II).  Animal  models  of  experimental 
neuropathology  will  remain  critical  for  studying  how 
nerve  cells  die  in  the  brain  and  spinal  cord.  Neurons 
within  the  CNS  can  be  damaged  by  neurotoxin 
exposure,  by  cutting  nerves  and  white  matter  path¬ 
ways,  by  reducing  blood  flow  to  the  brain  producing 
oxygen  deprivation,  by  forcing  brain  cells  to  express 
mutant  genes,  and  by  deleting  genes.  These  animal 
models  of  neuronal  degeneration  are  relevant  to 
several  neurological  disorders  that  affect  humans, 
including  Alzheimer’s  disease,  ALS,  and  cerebral 
ischemia  (Table  VIII).  A  better  understanding  of  the 
pathogenesis  of  neuronal  degeneration  in  human 
diseases  and  in  animal  models  that  mirror  this 
degeneration  is  critical  for  the  future  development  of 
effective  therapies  for  patients  with  Alzheimer’s  dis¬ 
ease,  ALS,  and  other  conditions.  A  more  complete 
understanding  of  the  characteristics  and  mechanisms 
of  neuronal  death  within  the  CNS,  provided  by  animal 
models  of  injury  and  transgenic  gene  expression- 
deletion,  is  important  for  the  subsequent  development 
of  effective  pharmacological  and  biological  treatments 
to  prevent  or  limit  neurodegeneration  in  human 
neuropathological  conditions. 

It  is  still  generally  believed  that,  once  neurons  die  in 
the  mature  CNS  of  mammals,  these  neurons  cannot  be 
replaced  by  nearby  neurons  (unlike  the  liver  for 
example)  because  the  remaining  neurons  are  postmi¬ 
totic  (i.e.,  after  neurons  have  achieved  their  mature 
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state,  they  cannot  enter  back  into  the  cell  cycle  and 
undergo  cell  division).  However,  nervous  tissue  graft¬ 
ing  or  stem  cell  implantation  as  a  means  for  neuronal 
replacement  is  an  experimental  approach  that  offers 
some  hope,  though  much  work  needs  to  be  done  to 
evaluate  the  feasibility  and  efficacy  of  this  approach. 
Importantly,  it  remains  to  be  shown  whether  the 
immature  or  adult  CNS  provides  a  permissive  envir¬ 
onment  for  the  appropriate  integration  of  exogenous 
or  grafted  cells  into  a  functional  neural  system. 

See  Also  the  Following  Articles 
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Synaptic  and  Neuroglial  Pathobiology  in  Acute 
and  Chronic  Neurological  Disorders 

Lee  J.  Martin 


1.  INTRODUCTION 

Pathology  at  the  molecular  and  cellular  level  is  the  fundamental  basis  of  disorders 
that  effect  the  brain  or  spinal  cord  of  humans.  A  pathophysiological  event  can  target 
specific  molecules  and  groups  of  cells,  causing  neuronal  dysfunction  and  degeneration 
and  resulting  in  acute  and  chronic  neurological  and  behavioral  disabilities  ranging 
from  memory  loss  to  paralysis.  For  example,  Alzheimer’s  disease  (AD)  is  associated 
with  loss  of  forebrain  neurons  and  the  formation  of  brain  lesions  consisting  of  abnor¬ 
mal  deposits  of  glial-  or  -neuronal  generated  amyloid  (5  protein,  possibly  in  response  to 
gene  mutations,  synaptic  perturbations,  oxidative  stress,  or  neuronal  cytoskeletal 
defects  (1-5).  The  degeneration  of  motor  neurons  in  amyotrophic  lateral  sclerosis 
(ALS)  is  associated  with  impairments  in  glutamate  reuptake  by  astroglia  (6,7),  gene 
mutations  in  superoxide  dismutase-1  (8),  and  abnormal  apoptosis  of  motor  neurons 
that  appears  to  be  mediated  by  programmed  cell  death  mechanisms  (9,10).  The  nerve 
cell  damage  in  adults  and  children  that  have  experienced  cardiac  arrest,  asphyxiation, 
strokes,  and  head  or  spinal  cord  trauma  may  be  caused  by  failure  of  astroglial  gluta¬ 
mate  transport,  excessive  stimulation  of  glutamate  receptors,  abnormal  activation  or 
impaired  function  of  intracellular  signaling  pathways,  toxic  generation  of  free  oxygen 
radicals,  and  structural  damage  to  target  molecules  within  selectively  vulnerable  popu¬ 
lations  of  neurons  (11).  Epidemiological  studies  reveal  the  impact  that  neurodegenera- 
tive  disorders  have  on  our  society.  For  example,  AD  affects  ~4  million  adults  (most  are 
>65-yr-of-age)  and  is  the  fourth-leading  cause  of  death  in  the  United  States,  accounting 
for  >100,000  deaths  annually  (12).  ALS  affects  approx  30,000  Americans  (4-6  people 
in  100,000)  (13).  Stroke  is  the  third  leading  cause  of  death  in  industrialized  populations 
and  is  a  major  cause  of  long  term  neurological  disability  (14). 

No  cures  or  therapies  (e.g.,  synthetic  drugs  or  biological  factors)  are  available  yet 
that  can  prevent  the  degeneration  of  neurons  in  the  human  brain  and  spinal  cord  and 
that  can  improve  the  quality  of  life  for  individuals  with  these  neurological  disorders. 
The  current  inability  to  effectively  and  rationally  manage  and  treat  individuals  with 
these  nervous  system  abnormalities  is  due  to  insufficient  information  on  how  neurons 
and  glia  become  dysfunctional  or  degenerate  and  the  synaptic  and  molecular  mecha- 
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nisms  for  this  pathobiology.  This  chapter  will  focus  on  synaptic  and  neuroglial  pertur¬ 
bations  in  two  broad  settings  of  neurodegeneration:  Acute  neuronal  cell  death  after 
cerebral  ischemia  and  chronic,  progressive  neuronal  degeneration  that  occurs  in  age- 
related  disorders  of  the  nervous  system,  such  as  AD  and  ALS.  Treatments  for  these  dis¬ 
orders  will  be  forthcoming  eventually  through  a  more  complete  understanding  of  the 
normal  cellular  and  molecular  organization  of  the  nervous  system  and  of  cellular  and 
molecular  neuropathology. 

2.  ORGANIZATION  OF  THE  CENTRAL  SYNAPSE 
2,1.  Structural  and  Molecular  Design  of  the  Synapse 

Synapses  are  the  principal  units  of  intercellular  communication  in  neural  circuits. 
The  structural  organization  of  a  central  nervous  system  (CNS)  synapse  consists  of  a 
presynaptic  component  (the  axon  terminal),  a  synaptic  cleft  (-20-40  nm  in  width),  a 
postsynaptic  component  (a  neuronal  cell  body  or  process),  and  an  astroglial  sheath 
(Fig.  1).  Each  of  these  components  has  its  own  elaborate  structural  organization  and 
molecular  specifications.  The  presynaptic  and  postsynaptic  membranes  have  thicken¬ 
ings  on  their  cytoplasmic  surfaces  (Fig.  1),  and  these  specialized  membranes  together 
with  the  synaptic  cleft  form  the  synaptic  junction.  These  membrane  specializations  are 
the  presynaptic  grid  or  active  zone  and  the  postsynaptic  density. 

The  presynaptic  nerve  terminal  (Fig.  1A),  containing  several  hundred  neurotrans- 
mitter  vesicles,  is  the  principal  site  of  regulated  release  of  excitatory  or  inhibitory  neu¬ 
rotransmitters.  A  complex  ensemble  of  proteins  (Fig.  IB)  within  the  presynaptic  nerve 
terminal  functions  in  exocytosis  of  neurotransmitter-containing  vesicles  (15).  Synaptic 
vesicles  dock  at  the  active  zone.  Specific  proteins  function  in  neurotransmitter  vesicle 
docking,  priming,  fusion,  and  exocytosis  and  endocytosis.  This  process  is  called  the 
synaptic  vesicle  cycle  (15). 

Dendrites  receive  the  vast  majority  of  excitatory  synapses  in  the  mammalian  CNS 
(Figs.  1  and  2).  Like  the  presynaptic  terminal,  the  postsynaptic  element  contains  an 
equally  staggering  array  of  proteins  that  function  in  inter-  and  intracellular  signaling. 
These  proteins  are  neurotransmitter  receptors  (ionotropic  and  metabotropic  receptors), 
ion  channels  (Ca2+,  Na+,  K+,  and  Cl-  channels),  and  other  signal  transduction  mole¬ 
cules,  including  protein  kinases,  protein  phosphatases,  heterotrimeric  GTP-binding 
proteins  (G-proteins),  phospholipases,  nitric  oxide  synthase  (NOS),  calmodulin,  and 
cytoskeletal  proteins  (Fig.  IB).  At  the  postsynaptic  site,  the  postsynaptic  density  is  an 


Fig.  1.  (Right)  Organization  of  a  central  nervous  system  synapse  (A)  Electron  micrograph 
illustrating  the  synaptic  complex.  Two  presynaptic  axon  terminals  (t),  containing  numerous  neu¬ 
rotransmitter  vesicles  (arrows)  which  are  -50  nm  in  diameter,  form  synaptic  junctions  with  den¬ 
drites  (d).  The  dark  thickening  at  the  dendritic  side  of  the  junction  is  the  postsynaptic  density. 
The  synaptic  cleft  of  one  junction  is  identified  (arrowheads).  Astroglial  processes  (asterisks) 
ensheathe  the  synaptic  complex.  (B)  Simplified  synaptic  organization  in  forebrain  as  represented 
by  an  presynaptic  axon  terminal  (with  synaptic  vesicles  and  mitochondria)  forming  an  asymmet¬ 
rical  synapse  with  a  dendrite  (seen  in  cross  sectional  profile).  An  astrocyte  partially  envelops  the 
synapse.  Each  component  of  the  central  synapse  has  a  complex  ensemble  of  proteins  integral  to 
their  function.  Although  the  lists  are  incomplete,  some  important  proteins  are  identified. 
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Fig.  2.  Summary  diagram  of  synaptic  mechanisms  related  to  excitotoxic  neuronal  degenera¬ 
tion.  The  diagram  summarizes  the  prominent  postsynaptic  intracellular  pathways  that  lead  to 
neuronal  injury  and  death  resulting  from  excitotoxic  activation  of  GluR.  Abbreviations: 
AMPA/KA-R,  a-amino-3-hydroxy-5-methyl-4-isoxazole  propionate  and  kainate  receptors; 
DAG,  diacylglycerol;  Ip3,  inositol  trisphosphate;  mGluR,  metabotropic  glutamate  receptor; 
NMDA-R,  /V-methyl-D-aspartate  receptor;  NO,  nitric  oxide,  NOS,  NO  synthase,  PARS,  poly 
(ADP-ribose)  synthetase  also  known  as  PARP,  poly(ADP-ribose)  polymerase;  PKC  protein 
kinase  C;  PLA2,  phospholipase  A2,  V-gated  C++  ch,  voltage-gated  Ca2+  channel. 


electron-dense  meshwork  of  fine  filaments  that  underlies  the  plasma  membrane  and  is 
thought  to  anchor  and  cluster  neurotransmitter  receptors  (16-18). 

Astroglia  have  a  critical  role  in  synaptic  function  and  neuronal  survival.  Astroglia 
are  the  most  numerous  cellular  element  of  the  mammalian  CNS.  They  outnumber 
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neurons  by  ten  to  one  and  comprise  up  to  50%  of  the  total  tissue  volume  in  some 
brain  regions,  with  the  volume  of  the  astroglial  compartment  increasing  with  phylo¬ 
genetic  development  (19,20).  Astroglial  processes  ensheathe  the  cell  bodies  and 
processes  of  neurons,  envelop  synapses  (Fig.  1),  invest  the  nodes  of  Ranvier  of  myeli¬ 
nated  axons,  and  form  glial  limiting  membranes  over  the  meninges  and  parenchymal 
vasculature.  The  known  functions  of  astrocytes  are  numerous,  including  regulation  of 
synaptic  neurotransmission,  extracellular  pH,  ion  concentration  and  osmolarity,  pro¬ 
duction  and  secretion  of  extracellular  matrix  proteins,  neurotrophic  factors  and 
cytokines,  detoxification  of  toxic  metabolites  (e.g.,  ammonia,  glutamate,  and  free 
radicals),  and  immune/inflammatory  response  mechanisms  (19,20).  Astrocytes 
express  functional  ligand-gated  and  metabotropic  receptors  to  neurotransmitters, 
including  glutamate  receptors,  and  they  express  voltage-gated  and  other  ion  channels, 
including  Ca2+,  Na+,  K+,  and  Cl“  channels.  Astroglia  also  possess  uptake  systems  for 
neurotransmitters  for  terminating  synaptic  neurotransmission.  Astrocytes  respond  to 
a  wide  variety  of  potentially  injurious  stimuli  in  an  effort  to  restore  normal  physiolog¬ 
ical  set  points.  Perturbations  in  astroglial  functions  may  participate  directly  in  the 
pathobiology  of  neuronal  degeneration  in  disease.  Important  topics  that  will  be  dis¬ 
cussed  in  this  chapter  are  astroglial  uptake  of  glutamate  and  production  of  amyloid  p 
protein. 

2.2.  Glutamate  Receptor  Subtypes 

The  amino  acid  glutamate  is  the  major  excitatory  neurotransmitter  in  the  CNS 
(21,22).  In  normal  circumstances,  glutamatergic  synaptic  transmission  occurs  by  regu¬ 
lated  release  of  glutamate  from  presynaptic  axon  terminals  (Figs.  1  and  2).  Concentra¬ 
tions  of  neurotransmitter  glutamate  at  the  synaptic  cleft  have  been  estimated  to  be  -1 
mM,  whereas  the  concentration  of  interstitial  glutamate  is  ~1  fiM  (23).  At  synapses, 
glutamate  binds  and  activates  several  molecular  subtypes  of  glutamate  receptors 
(GluRs)  located  on  the  plasma  membranes  of  neurons  and  some  glial  cells  (24).  These 
receptors  are  categorized  as  members  of  one  of  two  families,  the  ionotropic  receptors 
and  metabotropic  receptors,  which  differ  structurally  (distinct  molecular  compositions) 
and  functionally  (distinct  signal  transduction  mechanisms)  (24,25). 

Ionotropic  GluRs  form  monovalent  cation  (Na+,  K+)-conducting  channels,  but  the 
different  subtypes  have  differences  in  their  permeabilities  to  divalent  cations  (Ca2+) 
(24,25).  The  activation  of  ionotropic  GluRs  directly  changes  conductance  of  specific 
ions  through  the  receptor-ion  channel  complex,  thereby  inducing  membrane  depolar¬ 
ization.  The  ionotropic  GluRs  are  the  V-methyl-D-aspartate  (NMDA)  receptors  and 
the  non-NMDA  receptors  (a-amino-3-hydroxy-5-methyl-4-isoxazole  propionate 
[AMPA]  and  kainate  receptors).  These  receptors  are  oligomers,  most  likely  pen- 
tameric  heterooligomers,  of  homologous  subunits  encoded  by  distinct  genes.  The 
NMDA  receptor  subunits  are  NR1  and  NR2A-NR2D,  the  AMPA  receptor  subunits 
are  GluRl-GluR4  (or  GluRA-GluRD),  and  the  kainate  receptor  subunits  are  GluR5- 
GluR7  and  KA1-2  (24,25).  Variants  of  AMPA  receptor  subunits  (designated  as  “flip” 
and  “flop”)  are  generated  by  alternate  splicing  of  GluRl-GluR4  mRNA  (26).  These 
two  versions  of  subunits  are  different  minimally  in  a  38-amino  acid  transmembrane 
sequence,  but  the  “flip”  variant  shows  less  desensitization  and  larger  currents  (26). 
Additional  diversity  in  GluR  function  is  generated  by  RNA  editing  (25).  GluR2  is  a 


448 


Martin 


negative  regulator  of  Ca2+  permeability  through  non-NMDA  receptors  (i.e.,  its  pres¬ 
ence  in  the  pentameric  receptor  assembly  blocks  Ca2+  flux)  (25,27-29).  The  molecu¬ 
lar  mechanism  for  the  Ca2+  impermeability  of  GluR2  is  RNA  editing.  The  genomic 
sequence  of  GluR2  differs  from  the  cDNA  in  the  coding  sequence  between  trans¬ 
membrane  domains  1  and  2,  and  this  editing  of  mRNA  transcripts  results  in  an  argi¬ 
nine  instead  of  a  glutamine,  thereby  changing  the  channel  properties  (27-29). 

In  most  neurons  in  the  CNS,  activation  of  glutamate-gated  ion  channels  produces 
fast,  short-lived,  excitatory  postsynaptic  currents  with  latency  periods  ranging  from 
1-10  msec;  excitatory  postsynaptic  currents  of  non-NMDA  receptors  have  greater 
amplitudes  and  shorter  durations  than  NMDA  receptors.  AMPA  and  kainate  receptor 
channels  are  voltage-independent,  whereas  the  NMDA  receptor  is  voltage-dependent 
because  of  a  Mg2+  block  at  resting  membrane  potentials  (24,25).  Because  the  non- 
NMDA  receptor  channels  are  permeable  to  monovalent  cations,  Na+  enters  the  cell  fol¬ 
lowing  its  electrochemical  gradient,  thereby  depolarizing  the  postsynaptic  plasma 
membrane  and  activating  voltage-sensitive  ion  channels,  including  NMDA  receptors, 
Ca2+  channels,  and  Na+  channels  (Fig.  2). 

Other  GIuRs  do  not  form  ion  channels  but  are  instead  linked  to  signal  transduction 
molecules  within  the  plasma  membrane.  These  metabotropic  GIuRs  (mGluRs)  are  G 
protein-coupled  receptors  that  are  single  proteins  encoded  by  single  genes  (30,31). 
mGluRs  have  slower  electrophysiological  characteristics  (latencies  >100  msec)  than 
ion  channel  GIuRs.  Group  I  mGluRs  (mGluRl  and  mGluR5)  operate  through  activa¬ 
tion  of  phospholipase  C  (PLC)  by  Gq  proteins,  phosphoinositide  hydrolysis  and  gen¬ 
eration  of  inositol- 1,4, 5  triphosphate  and  diacylglycerol,  and  subsequent  mobilization 
of  Ca2+  from  nonmitochondrial  intracellular  stores  (31).  Group  II  mGluRs  (mGluR  2 
and  3)  and  Group  III  mGluRs  (mGluR  4  and  6-8)  function  by  Gi  or  Go  protein-medi¬ 
ated  inhibition  of  adenylyl  cyclase  and  modulation  of  ion  channel  activity  (30,31). 

2.3.  Glutamate  Transporter  Subtypes 

Excitatory  synaptic  transmission  is  largely  terminated  by  high-affinity,  Na+-depen- 
dent  transport  of  glutamate  into  cells  (neurons  and  astroglia),  thereby  preventing  extra¬ 
cellular  concentrations  of  synaptic  glutamate  from  reaching  neurotoxic  levels  (Fig. 
IB).  Five  distinct  high  affinity,  Na+-dependent  glutamate  transporters  have  been  cloned 
from  animal  and  human  tissue  (GLAST,  GLT1,  EAAC1,  EAAT4,  and  EAAT5),  and 
these  proteins  differ  in  structure,  pharmacological  properties,  and  tissue  distribution 
(32-34).  Under  physiological  conditions  in  normal  adult  CNS,  immunohistochemical 
studies  have  shown  that  GLAST  and  GLT1  are  expressed  primarily  in  astrocytes, 
whereas  EAAC1  is  widely  distributed  in  neurons  (35-38).  EAAT4  is  expressed  mainly 
in  cerebellar  Purkinje  cells  (37,39),  and  EAAT5  is  primarily  a  retinal  glutamate  trans¬ 
porter  (34).  Thus,  the  dominant  astroglial  and  neuronal  glutamate  transporters  in  cere¬ 
bellum  are  GLAST  and  EAAT4,  respectively,  whereas  GLT1  and  EAAC1  are  the 
primary  astroglial  and  neuronal  glutamate  transporters,  respectively,  in  forebrain, 
brainstem,  and  spinal  cord. 

The  different  molecular  subtypes  of  glutamate  transporters  have  very  distinct,  but 
coordinated,  regional  patterns  of  expression  during  CNS  development.  The  cell-type 
specificity  in  the  expression  of  distinct  glutamate  transporters  subtypes  is  generally 
similar  in  the  developing  and  adult  CNS.  However,  one  major  exception  to  this  conclu- 
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sion  is  that  GLT1  is  also  expressed  transiently  in  a  variety  of  neurons  in  the  developing 
CNS  (37,38,40). 

2.4.  Synaptic  Pathobiology:  GluR-Mediated  Excitotoxicity  and  Glutamate 
Toxicity 

Abnormalities  in  synaptic  function  (Fig.  2)  can  kill  neurons  in  animal  models  and  in 
humans.  Although  glutamate  and  GluR  activation  are  critical  for  normal  brain  function, 
glutamate  is  toxic  to  neurons  at  abnormally  high  concentrations  (41,42).  When  GluRs 
are  activated  excessively,  a  process  called  excitotoxicity  ensues  (41,42).  Acute  excito¬ 
toxicity  causes  degeneration  in  cultures  of  neurons  from  animal  brain  and  spinal  cord 
and  after  in  vivo  delivery  of  GluR  agonists  into  the  CNS  of  experimental  animals 
(42-45).  In  addition,  excitotoxicity  participates  in  the  mechanisms  for  neuronal  degen¬ 
eration  in  animal  models  of  cerebral  ischemia  and  traumatic  brain  injury  (11,42,43) 
and  in  the  neurotoxicity  of  humans  resulting  from  ingestion  of  mussels  contaminated 
with  the  GluR  agonist  domoic  acid  (46).  In  humans,  GluR-mediated  excitotoxic  mech¬ 
anisms  have  also  been  suspected  to  be  responsible  for  epilepsy,  for  the  neuronal  death 
in  the  brain  resulting  from  cardiac  arrest  and  stroke,  and  for  neuronal  degeneration 
occurring  in  individuals  with  AD,  ALS,  Huntington’s  disease,  and  Parkinson’s  disease 
(11,14,42,43,47). 

The  excessive  interaction  of  glutamate  or  chemical  analogs  of  glutamate  with 
subtypes  of  GluRs  produces  abnormalities  in  intracellular  ionic  concentrations,  pH, 
protein  phosphorylation,  molecular  stability,  and  energy  metabolism  (42,43).  Excito- 
toxically  challenged  cells  (Fig.  2)  undergo  rapid  osmotic  perturbations  and  swell, 
reflecting  the  influx  of  Na+,  Cl“,  and  H20  (43).  An  increase  in  cytosolic  free  Ca2+, 
resulting  from  activation  of  Ca2+-permeable  AMPA  receptors  and  voltage-sensitive  ion 
channels  including  NMDA  receptors  and  Ca2+  channels,  causes  increased  enzymatic 
activity  of  Ca2+-sensitive  proteases,  protein  kinases,  and  phosphatases,  endonucleases, 
and  phospholipases  (Fig.  2).  Through  the  activation  of  proteins  with  DNase  activity, 
excitotoxicity  results  in  intemucleosomal  DNA  fragmentation  in  cultures  of  cortical 
neurons  (48,49)  and  cerebellar  granule  cells  (50,51),  although  others  have  not  found 
intemucleosomal  DNA  fragmentation  in  cerebellar  granule  cell  cultures  (52).  In  vivo, 
intemucleosomal  and  random  fragmentation  of  genomic  DNA  occur  12-48  h  after 
intracerebral  injections  of  excitotoxins  (44,45,53,54),  and  this  pattern  can  persist  to  5  d 
postlesion  (54).  The  activation  of  other  Ca2+-dependent  enzyme  systems,  such  as  phos¬ 
pholipase  A2,  cyclo-oxygenase,  and  xanthine  oxidase,  can  generate  highly  toxic  reac¬ 
tive  oxygen  species  (ROS)  (55,56).  Another  pathway  for  the  production  of  ROS, 
namely  nitric  oxide  (NO),  is  activation  of  Ca2+/calmodulin-dependent  NOS  (57). 

Oxidative  stress  is  a  potent  stimulus  for  neuronal  death  in  cultured  neurons  (58,59). 
ROS  (e.g.,  superoxide  anion  radical,  hydrogen  peroxide,  hydroxyl  radical,  NO,  and 
peroxynitrite)  can  cause  direct  oxidative  damage  to  macromolecules,  including  DNA, 
protein,  and  lipid  membranes  (55-57).  The  balance  between  the  formation  of  endoge¬ 
nous  free  radicals  and  antioxidant  defense  mechanisms  is  important  for  cellular  sur¬ 
vival.  ROS  are  also  products  of  oxidative  metabolism.  The  mitochondrial 
electron-transfer  chain  is  a  primary  generator  of  superoxide  and  peroxide,  and  dam¬ 
aged  mitochondria  are  believed  to  produce  greater  amounts  of  superoxide  ion  (60). 
Damage  to  mitochondrial  DNA  caused  by  ROS  may  lead  to  protein  conformational 
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changes  usually  associated  with  an  inefficient  electron  transfer  to  cytochrome  c  oxi¬ 
dase  (61 )  and,  hence,  enhanced  superoxide  and  peroxide  formation.  Other  critical  mol¬ 
ecular  targets  for  oxidative  damage  include  glutamate  transporters  (62),  Na+/K+ 
ATPase  (63),  glucose  transporters  (64),  cytoskeletal  proteins  (65,66),  and  superoxide 
dismutase-1  (67).  ROS  can  also  mediate  trophic  factor  deprivation-induced  apoptosis 
of  sympathetic  neurons  in  vitro  (68),  and  we  have  implicated  ROS  in  target  depriva¬ 
tion-induced  apoptosis  of  brain  and  spinal  cord  neurons  in  vivo  (69,70).  Because  neu¬ 
ronal  survival  depends  on  trophic  factors  (71,72),  some  of  which  are  glial-derived, 
abnormalities  in  neurotrophic  support  may  result  in  apoptotic  death  of  neurons  by 
inducing  a  PCD  mechanism  involving  the  generation  of  ROS  (68-70). 

Another  mechanism  through  which  glutamate  can  cause  death  of  neuronal  cells  is 
oxidative  glutamate  toxicity.  In  this  process,  glutamate  alters  cellular  metabolism  by 
interacting  with  the  cystine-glutamate  antiporter,  resulting  in  depletion  of  intracellular 
cystine/cysteine  and  reduced  levels  of  the  cysteine-containing  tripeptide  glutathione 
(73).  Oxidative  stress  results  from  depletion  of  intracellular  pools  of  the  antioxidant 
glutathione  (73).  Activation  of  phosphoinositide-liked  mGluRs  generates  a  cellular 
response  that  protects  against  oxidative  glutamate  toxicity;  in  contrast,  group  I  mGluR 
antagonists  potentiate  glutamate  toxicity  (74). 

3.  NEUROGLIAL  AND  SYNAPTIC  MECHANISMS  FOR  NEURONAL 
DEGENERATION  AFTER  CEREBRAL  ISCHEMIA 

3.1.  Abnormalities  in  Glutamate  Transport  and  Astroglia  Occur  after  Global 
Cerebral  Ischemia 

Numerous  overlapping  mechanisms  for  neuronal  injury  are  likely  to  be  operative  in 
ischemic  brain  damage.  Here,  the  focus  will  be  on  impaired  glutamate  transport,  exci- 
totoxicity,  and  the  associated  perturbations  in  intracellular  signal  transduction.  In  mod¬ 
els  of  transient  global  cerebral  ischemia,  extracellular  glutamate  levels  are  increased 
transiently  (75-78),  possibly  resulting  in  excitotoxic  activation  of  neuronal  GluR  (79). 
Abnormally  high  concentrations  of  extracellular  glutamate  may  be  the  result  of  vesicu¬ 
lar  exocytosis  of  glutamate  (80),  reversed  glutamate  transporter  function  (81),  defective 
uptake  of  glutamate  (82-84),  or  astrocyte  swelling  (85).  Of  these  possible  mechanisms, 
impaired  glutamate  transporter  function  has  received  considerable  attention. 

Impaired  glutamate  transport  is  thought  to  cause  neurodegeneration.  For  example, 
intrastriatal  delivery  of  the  glutamate  transport  inhibitor  DL-threo-3-hydroxyaspartate 
causes  neuronal  degeneration  in  rat  (86).  Lethal  spontaneous  seizures  and  increased 
susceptibility  to  acute  cortical  injury  occur  in  some  mice  deficient  in  GLT1  (87),  and 
GLAST  gene-ablation  exacerbates  retinal  damage  after  ischemia  in  mice  (88).  How¬ 
ever,  we  have  shown  that  transient  reductions  in  glutamate  transporter  function  and 
astroglial  glutamate  transporter  (GLAST  and  GLT1)  protein  expression  can  occur  in 
the  absence  of  neuronal  degeneration  in  models  of  axotomy  and  deafferentation 
(89,90). 

Alterations  occur  in  glutamate  transporters  after  cerebral  ischemia.  In  adult  rat,  D- 
[3H]aspartate  binding  sites  are  increased  in  hippocampus  within  5  min  after  forebrain 
ischemia  (91),  but  the  levels  of  GLT1  mRNA  and  protein  are  reduced  in  hippocampus 
at  3-6  h  postischemia  (92).  In  rat  pups  (7-d-of-age),  high-affinity  glutamate  transport  is 
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transiently  reduced  in  striatum  during  hypoxia-ischemia  and  after  one  hour  of  recovery 
(82).  In  hypoxic-ischemic  piglets  (1-wk-old),  high-affinity  glutamate  transport  in  stri¬ 
atal  synaptosomes  is  defective  functionally  by  6  to  12  h  recovery  (84),  and  GLT1  and 
EAAC1  protein  levels  are  reduced  in  striatum  at  24  h  recovery  and  thereafter  (83).  In 
contrast,  GLAST  protein  expression  is  maintained  in  striatum  after  hypoxic-ischemic 
injury  (84).  Therefore,  the  evolution  of  neuronal  degeneration  in  some  brain  regions 
after  hypoxia-ischemia  is  paralleled  by  sustained  abnormalities  in  glutamate  transport 
during  the  first  24  h  of  recovery.  These  defects  in  glutamate  transporters  are  molecular 
subtype  specific  (83,84). 

A  functional  defect  in  glutamate  uptake  could  be  mediated  by  inactivation  of  gluta¬ 
mate  transporters.  For  example,  covalent  modification  of  glutamate  transporters  by  gly- 
cosylation  influences  their  function.  AMinked  glycosylation  of  EAAC1  (93),  but  not 
A-glycosylation  of  GLAST  (94),  appears  to  be  required  for  transporter  activity.  We 
have  shown  that  the  Golgi  apparatus  within  striatal  neurons  undergoes  fragmentation 
and  vesiculation  by  3-6  h  after  hypoxia-ischemia.  Furthermore,  during  this  time 
course,  tubulin  undergoes  extensive  oxidative  damage  (i.e.,  protein  nitration)  through  a 
NO-associated  toxic  pathway.  Therefore,  posttranslational  processing  as  well  as  target¬ 
ing  and  transport  of  proteins  may  be  abnormal  early  after  hypoxia-ischemia  (11,95). 

Covalent  modification  of  glutamate  transporters  by  phosphorylation  has  subtype- 
specific  modulatory  effects  on  activity.  Protein  kinase  C  (PKC)  activation  results  in 
direct  phosphorylation  of  GLAST  and  inhibits  GLAST  function  (96);  in  contrast, 
phosphorylation  of  GLT1  by  PKC  stimulates  GLT1  function  (97).  We  have  found 
increases  in  PKC  activity  as  well  as  increases  in  membrane  protein  phosphorylation  at 
serine  sites  in  vulnerable  brain  regions  at  24  h  after  global  ischemia  (98).  Thus,  phos¬ 
phorylation  of  astroglial  GLAST,  but  not  GLT1,  by  PKC  may  be  a  mechanism  for 
reduced  glutamate  uptake  in  vulnerable  brain  regions  after  hypoxia-ischemia  (84). 

Another  possibility  is  that  glutamate  transporter  function  may  be  impaired  by  direct 
structural  damage  to  the  proteins.  In  cell  culture  systems,  oxygen  radicals  decrease 
high-affinity  glutamate  transport  (99).  Peroxynitrite  (formed  by  the  combination  of 
superoxide  and  NO)  is  a  potent  inhibitor  of  GLAST,  GLT1,  and  EAAC1  function 
(62,100).  We  have  found  evidence  for  peroxynitrite-mediated  oxidative  damage  to 
membrane  proteins  within  the  piglet  striatum  early  (3  to  6  h)  after  hypoxia-ischemia 
(95).  Some  of  these  proteins  have  not  yet  been  identified.  It  is  interesting  that  the  mole¬ 
cular  mass  of  some  of  these  proteins  is  in  the  range  of  glutamate  transporters  (i.e., 
-65-73  kDa).  These  abnormalities  in  protein  nitration  and  in  the  expression  or  function 
of  glutamate  transporters  may  participate  in  striatal  neurotoxicity  after  hypoxia- 
ischemia. 

Abnormal  control  of  extracellular  glutamate  concentrations  by  astroglia  could  be  an 
early  mechanism  for  neuronal  degeneration  after  ischemia.  In  our  piglet  model  of 
hypoxia-ischemia,  striatal  astrocytes  are  damaged  early,  as  evidenced  by  their  swelling, 
fragmentation,  and  death  as  well  as  by  the  loss  of  GLT1  protein  at  24  h  recovery  (83). 
Astroglia  in  culture  survive  exposures  to  excitotoxins  at  concentrations  sufficient  to  kill 
most  neurons,  suggesting  that  astrocytes  are  more  resistant  than  neurons  to  excitotoxic- 
ity;  however,  overactivation  of  AMPA  receptors  is  lethal  to  astrocytes,  when  receptor 
desensitization  is  blocked  (101).  In  addition,  astrocytes  in  vivo  are  damaged  by  acido¬ 
sis  (102),  and  prolonged,  severe  acidosis  is  lethal  to  astrocytes  in  vitro  (103). 
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Astroglial  swelling  occurs  within  minutes  of  hypoxia-ischemia,  suggesting  that  ini¬ 
tial  astrocytic  abnormalities  may  contribute  to  the  evolution  of  neuronal  damage  (104). 
In  piglets,  principal  striatal  neurons  and  astrocytes  have  a  similar  time  course  of  injury 
and  death  at  one  to  two  days  following  hypoxia-ischemia  (83,84,95).  Cell  culture  stud¬ 
ies  show  that  neurons  in  an  astrocyte-poor  environment  are  more  vulnerable  to  excito- 
toxicity  than  neurons  cultured  with  astrocytes  (105)  and  that  uptake  of  glutamate  by 
astrocytes  improves  neuronal  survival  in  an  excitotoxic  environment  (106).  The  finding 
that  astroglial  and  neuronal  injury  occur  concurrently  within  brain  further  strengthens 
the  concept  that  abnormalities  in  astroglia  could  participate  in  the  evolution  of  neu¬ 
ronal  degeneration  after  hypoxia-ischemia  (83,104).  Astroglial  damage  and  defective 
glutamate  transport  would  favor  excitotoxic  neuronal  cell  death  after  hypoxia- 
ischemia,  and  oxidative  damage  to  astroglial  proteins  could  be  a  potential  molecular 
mechanism  for  this  defect  (83,84,95). 

3.2.  Glutamate  Receptor-Mediated  Excitotoxicity  as  a  Mechanism 
for  Neuronal  Cell  Death  After  Cerebral  Ischemia 

Neuronal  cell  death  after  ischemia  involves  perturbations  in  intracellular  Ca2+  home¬ 
ostasis  and  impairments  in  protein  synthesis.  The  GluRs  that  modulate  intracellular 
Ca2+  levels  within  neurons  are  the  ion  channel  receptors  (NMDA  and  AMPA)  and  the 
group  I  mGluRs  (24-31 ).  In  models  of  transient  global  cerebral  ischemia  a  possible 
role  for  excessive  activation  of  GluRs  in  the  mechanisms  for  delayed  neuronal  death  is 
supported  by  studies  showing  that  blockade  of  AMPA  receptors  is  neuroprotective  fol¬ 
lowing  forebrain  ischemia  in  adult  rodents  (107)  and  that  abnormalities  in  phospho- 
inositide  signaling  pathways  occur  in  hippocampus  after  ischemia  (108).  In  models  of 
focal  ischemia  (stroke),  antisense  oligodeoxynucleotide  knockdown  of  NR1  produc¬ 
tion  (109),  targeted  disruption  of  the  NR2A  gene  (110),  and  selective  pharmacological 
antagonism  of  NR2B  (111)  attenuate  forebrain  damage,  thus  a  decrease  in  the  number 
of  functional  NMDA  receptors  appears  to  mediate  this  neuroprotection. 

We  have  demonstrated  that  excitotoxic  activation  of  GluRs  causes  an  apoptosis- 
necrosis  continuum  for  cell  death  in  which  the  structure  of  neuronal  degeneration  is 
influenced  by  the  subtype  of  GluR  that  is  activated  and  the  age  (maturity)  of  the  CNS  at 
the  time  of  the  insult  (44,45).  In  the  developing  rat  CNS,  excitotoxic  activation  of 
NMDA  and  non-NMDA  GluRs  causes  neuronal  death  with  phenotypes  ranging  from 
apoptosis  to  necrosis.  Excitotoxic  neuronal  death  occurs  as  three  structurally  different 
forms:  Classic  apoptosis,  classic  necrosis,  and  a  hybrid  of  apoptosis  and  necrosis 
(11,44,15,47).  In  contrast,  in  the  adult  rat  CNS,  the  degeneration  of  neurons  caused  by 
NMDA  receptor  activation  is  necrosis  morphologically;  however,  the  neuronal  death 
produced  by  non-NMDA  receptor  activation  appears  to  be  a  structural  hybrid  of  apop¬ 
tosis  and  necrosis  and  is  distinct  from  the  death  caused  by  NMDA  receptor  stimulation. 

Interestingly,  neuronal  death  after  cerebral  ischemia  may  not  follow  the  apoptosis- 
necrosis  continuum  for  excitotoxic  neuronal  death.  We  have  shown  with  three  different 
animal  models  of  transient  global  ischemia  that  neuronal  cell  death  within  selectively 
vulnerable  brain  regions  (e.g.,  CA1  pyramidal  neurons,  cerebellar  Purkinje  cells,  and 
striatal  neurons)  is  identical  structurally  to  excitotoxic  neuronal  cell  necrosis  mediated 
by  NMDA  receptor  activation,  and,  in  the  vulnerable  neuronal  populations,  classic 
apoptosis  and  hybrids  of  apoptosis-necrosis  rarely  occur  (11,47,112).  However,  in  sev- 
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eral  different  paradigms  of  global  ischemia,  we  and  others  have  been  unable  to  rescue 
these  neurons  from  degeneration  using  noncompetitive  antagonists  to  NMDA  receptors 
(113,114)  or  competitive  antagonists  to  NMDA  receptors  (115,116),  AMPA  receptors 
(117-119),  and  group  I  mGluRs  (120).  Some  of  our  data  even  suggest  that  antagonists 
to  NMDA  receptors  (116),  AMPA  receptors  (118,119)  and  mGluRs  (120)  worsen  neu¬ 
rologic  outcome  after  ischemia.  Yet,  other  studies  have  shown  that  AMPA  receptor 
antagonism  is  neuroprotective  in  adult  rodent  models  of  global  ischemia  (107,114). 
The  lack  of  neuroprotection  and  the  deleterious  effects  of  GluR  antagonists  in  in  vivo 
animal  models  are  difficult  to  interpret  and  may  be  related  to  several  variables  associ¬ 
ated  with  experimental  design,  including  the  dosage,  solubility,  delivery,  administra¬ 
tion  route,  and  systemic  pharmacokinetics  of  the  drug.  Although  GluR-mediated 
excitotoxicity  and  glutamate  toxicity  continue  to  be  potential  mechanisms  for  neurode¬ 
generation  after  hypoxia-ischemia,  the  pathobiology  of  this  neuronal  cell  death 
remains  poorly  understood.  The  future  clarification  of  the  structural  and  molecular 
mechanisms  of  neuronal  death  after  ischemia  and  the  neuroglial  participation  in  these 
mechanisms  will  lead  to  a  rational  and  effective  design  of  experiments  for  the  protec¬ 
tion  of  neurons  and  glia. 

3.3.  Possible  Roles  for  Protein  Kinases  in  Neurodegeneration  After  Ischemia 

Protein  kinases  function  in  cell  growth  and  differentiation,  and,  in  nervous  tissue, 
additional  functions  are  regulation  of  neurotransmitter  receptors  and  ion  channels  as 
well  as  modulation  of  neuronal  excitability,  neurotransmitter  release,  and  synaptic 
plasticity  (Fig.  2;  for  review  see  refs.  121,122).  Protein  kinase  activation  may  thus  play 
a  role  in  GluR-mediated  excitotoxic  neuronal  death  (123,124)  and  in  neuronal  degener¬ 
ation  after  ischemia  (98,122,125).  GluR  stimulation  causes  increased  intracellular  Ca2+ 
and  activation  of  Ca2+/calmodulin  protein  kinase  II  (CaM  kinase  II)  and  causes 
increased  activity  of  phospholipase  A2  and  PLC  (Fig.  2),  leading  to  the  accumulation  of 
diacylglycerol  and  activation  of  PKC  (24,31,43).  Mild  ischemia  induces  a  persistent 
translocation  of  CaM  kinase  II  from  the  cytosol  to  synaptic  plasma  membranes 
(126,127).  We  have  identified  a  sustained  increase  in  PKC  activity,  an  isoform-specific 
translocation  to  the  plasma  membrane,  as  well  as  increased  protein  phosphorylation  at 
serine  residues  in  plasma  membranes  of  selectively  vulnerable  brain  regions  after 
ischemia  (98).  Astroglia  may  contribute  to  some  of  these  changes  (98).  Other  studies 
have  suggested  that  protein  kinases  that  are  membrane-translocated  after  ischemia 
function  improperly  (126,128).  However,  changes  in  brain  protein  kinase  activity  may 
depend  on  the  severity  of  ischemia  and  energy  failure  (98). 

Several  studies  have  shown  that  phosphorylation  of  AMPA,  kainate,  and  NMDA 
receptors  by  CAM  kinase  II,  PKC,  or  cAMP-dependent  protein  kinase  A  causes  posi¬ 
tive  modulation  of  receptor  function  by  potentiating  activation  (129-134).  This 
enhancement  of  receptor  function  is  transient  because  of  the  activity  of  postsynaptic 
protein  phosphatases  (134).  In  contrast,  PKC-mediated  phosphorylation  of  PLC-cou- 
pled  mGluRs  causes  desensitization  to  glutamate  (135,136).  The  integrative  actions  of 
different  molecular  subtypes  of  GluRs  are  also  being  revealed.  Activation  of  PLC-cou- 
pled  mGluRs  increases  NMDA  receptor  function  through  PKC  activation  (137,138). 
PKC  potentiates  NMDA  receptor  function  by  increasing  the  probability  of  channel 
openings  and  by  reducing  the  voltage-dependent  Mg2+  block  (139). 
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The  possible  relevance  of  these  observations  to  neuronal  and  astroglial  degeneration 
after  ischemia  is  provocative  but  still  only  speculative.  We  have  found  increases  in  PLC 
and  PKC  after  ischemia  (98,140),  and  other  groups  have  found  abnormalities  in  phos- 
phoinositide  signaling  pathways  after  ischemia  (108).  Electrophysiological  studies  of 
neuronal  activity  in  vulnerable  regions  after  transient  ischemia  are  discrepant.  By 
extracellular  recording  in  vivo,  studies  have  shown  that  spontaneous  firing  rate  in  CA1 
is  increased  (141),  whereas  other  studies  show  that  spontaneous  firing  rate  and  evoked 
responses  are  suppressed  (142,143).  By  intracellular  recording,  CA1  neuronal  activi¬ 
ties  and  evoked  synaptic  potentials  are  suppressed  after  in  vitro  hypoxia-ischemia 
(144);  similarly,  in  spiny  striatal  neurons  in  vivo,  spontaneous  activities  and  evoked 
postsynaptic  potentials  are  suppressed  and  excitability  is  decreased  after  transient 
ischemia  (145).  However,  whole-cell  recordings  reveal  that  CA1  pyramidal  neurons 
have  abnormal  excitatory  postsynaptic  currents  produced  by  activation  of  non-NMDA 
receptors  that  mediate  Ca2+  influx  (146).  It  is  still  uncertain  whether  changes  in  protein 
kinases  after  ischemia  mediate  these  functional  abnormalities  and  contribute  directly  to 
the  mechanisms  of  neuronal  death  or  whether  they  reflect  secondary  degenerative  or 
regenerative  processes  in  injured  or  surviving  neurons  and/or  changes  due  to  activation 
of  glial  cells.  Based  on  the  knowledge  that  protein  kinases  modulate  GluR  receptor  and 
glutamate  transporter  function,  ion  channel  function,  Na+/K+  ATPase  activity,  and  neu¬ 
rotransmitter  release  (to  name  only  a  few  critical  functions  for  protein  kinases),  much 
more  work  is  needed  to  identify  the  possible  contributions  of  protein  kinases  to  the 
mechanisms  for  neuronal  degeneration  after  ischemia  (Fig.  2). 

3.4.  Participation  of  NO-Mediated  Mechanisms  in  the  Pathobiology 
of  Neurodegeneration  After  Ischemia 

NO  is  a  short-lived,  membrane-permeant  ROS  that  functions  in  synaptic  neurotrans¬ 
mission,  synaptic  plasticity,  cell-mediated  immune  response,  and  cerebrovascular  regu¬ 
lation  (57,147,148).  NO  is  generated  by  the  catalytic  activity  of  NOS,  of  which  three 
molecular  isoforms  exist.  Brain  or  neuronal  NOS  (NOS1)  is  constitutively  expressed  in 
subsets  of  neurons,  inducible  NOS  (NOS2)  is  an  inflammatory/glial  cell  isoform,  and 
endothelial  NOS  (NOS3)  is  constitutively  expressed  in  vascular  endothelial  cells 
(57,148-150).  Neuronal  NOS  activity  is  regulated  by  intracellular  Ca2+  (149).  NMDA 
receptor  activation  results  in  NOS  activation  (Fig.  2;  151),  and  mGluR  activation 
enhances  NO  production,  possibly  involving  a  Ca2+-induced  Ca2+  release  amplification 
of  mGIuR-associated  intracellular  signals  (152).  NO  has  presynaptic  actions  as  well  by 
stimulation  of  synaptic  vesicle  exocytosis  in  a  process  involving  cGMP  (153).  NO 
functions  by  forming  covalent  linkages  and  redox  interactions  with  intracellular  pro¬ 
teins  (154).  Excessive  generation  of  NO  is  thought  to  be  toxic  to  cells  in  vivo  and  may 
be  an  important  mediator  of  neuronal  degeneration  resulting  from  cerebral  ischemia 
(57,155-157),  CNS  inflammation  (158),  and  axotomy/target  deprivation  (70).  A  pre¬ 
dominant  mechanism  by  which  NO  toxicity  occurs  is  by  the  diffusion-limited  reaction 
of  NO  with  superoxide  to  generate  peroxynitrite  anion,  which  is  a  strong  and  relatively 
long-lived  oxidant  that  directly  damages  the  structure  of  a  variety  of  proteins  (57).  Per¬ 
oxynitrite  decomposes  to  form  secondary  oxidants,  including  the  particularly  toxic 
hydroxyl  radical  (57),  which  we  have  shown  to  damage  neuronal  DNA  and  RNA  after 
cerebral  ischemia  (95,159)  and  axonal  injury  (69,70). 
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In  studies  of  cerebral  ischemia,  the  results  supporting  a  role  for  neurotoxic  actions 
of  NO  in  vivo  are  discrepant.  In  settings  of  focal  ischemia,  mice  deficient  in  neuronal 
NOS  (155)  or  inducible  NOS  (156)  have  slightly  smaller  infarct  volumes  than  controls, 
and  pharmacological  inhibition  of  NOS  has  been  shown  to  decrease  brain  damage  vol¬ 
ume  in  some  studies  (160)  but  not  in  other  experiments  (161,162).  In  settings  of  global 
ischemia,  mice  with  targeted  disruption  of  the  neuronal  NOS  gene  have  less  CA1  dam¬ 
age  than  wild-type  mice  (163).  However,  in  rat  and  gerbil,  pharmacological  inhibition 
of  NOS  is  not  protective  (162,164).  We  have  been  unable  to  show  that  an  inhibitor  of 
NOS  results  in  neuroprotection  in  hippocampus  and  cerebellum  after  global  ischemia 
(165).  However,  we  have  found  that  peroxynitrite-mediated  damage  to  striatal  mem¬ 
brane  proteins  occurs  strongly  by  6  h  after  hypoxic-asphyxic  cardiac  arrest  (95,159).  In 
addition,  we  discovered  that  the  critical  cytoskeletal  protein  tubulin  is  a  target  of  perox- 
ynitrite  (159).  It  is  therefore  possible  that  the  participation  of  NO-mediated  toxicity  is 
different  in  acute  vs  delayed  neuronal  degeneration  after  cerebral  ischemia,  and,  thus, 
onset  and  severity  of  oxidative  stress  may  influence  rate  of  neuronal  death  on  a  regional 
basis,  because  striatal  damage  evolves  faster  than  CA1  neuron  and  Purkinje  cell  dam¬ 
age  (11). 

4.  SYNAPTIC  PATHOBIOLOGY  IN  PROGRESSIVE, 

AGE-RELATED  NEURODEGENERATIVE  DISEASES 

4.1.  Synaptic  Dysfunction  in  AD 

AD  is  the  most  common  type  of  dementia  occurring  in  middle  and  late  life  (166), 
and  it  affects  7-10%  of  individuals  >65  years  of  age  and  possibly  40%  of  people  >80 
years  of  age  (12,167).  The  prevalence  of  AD  is  increasing  proportionally  to  increased 
life  expectancy  (estimates  predict  that  ~25%  of  the  population  will  be  >65  years  of  age 
in  the  year  2050).  AD  now  affects  >4  million  people  in  the  United  States  (168). 
Although  most  cases  of  AD  have  unknown  etiologies  and  are  called  sporadic,  some 
cases  of  AD,  particularly  those  with  early  onset,  are  familial  and  are  inherited  as  auto¬ 
somal  dominant  disorders  linked  to  mutations  in  the  gene  that  encodes  amyloid  precur¬ 
sor  protein  (169-171)  or  genes  that  encode  for  proteins  called  presenilins  (172,173). 
For  late  onset  sporadic  cases,  a  variety  of  risk  factors  have  been  identified  in  addition  to 
age.  The  apolipoprotein  E  (apoE)  allele  is  a  susceptibility  locus  with  the  apoE4  type 
showing  dose-dependent  contributions  (174).  Cardiovascular  disease  and  head  trauma 
are  additional  risk  factors  for  AD  (166). 

The  mechanisms  that  cause  the  profound  neuronal  degeneration  and  the  progres¬ 
sive  impairments  in  memory  and  intellect  that  occur  with  sporadic  and  familial  AD 
are  not  understood.  Neuronal  survival  and  normal  memory  and  cognition  depend  on 
synaptic  function.  Regulated  exocytosis  of  neurotransmitter-containing  vesicles  (Fig. 
1A)  is  obligate  for  normal  synaptic  function  (15).  Synaptophysin  (p38),  an  integral 
membrane  glycoprotein  of  small  synaptic  vesicles  in  the  presynaptic  terminal  (15),  is 
one  protein  of  many  that  functions  in  regulated  exocytosis  (Fig.  IB).  We  have  found 
that  synaptophysin  is  reduced  in  the  hippocampus  of  individuals  with  AD  who  have 
moderate  to  severe  deficits  in  memory  (5).  This  finding  is  not  surprising  in  light  of 
the  vulnerability  of  the  hippocampus  in  advanced  AD  (1,3,4,166).  A  more  exciting 
finding  is  the  loss  of  synaptic  marker  in  individuals  with  early  AD  (or  possible  AD) 
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who  had  no  detectable  cognitive  impairment  (5).  The  severity  of  this  abnormality  in 
synaptophysin  in  hippocampus  correlates  strongly  with  the  severity  of  memory 
impairment  in  individuals  with  AD.  Defects  in  other  presynaptic  components  for  reg¬ 
ulated  exocytosis  of  neurotransmitters  (Fig.  IB)  may  also  occur  in  the  hippocampus 
of  individuals  with  early  AD.  We  also  have  interesting  new  data  suggesting  that 
synaptobrevin,  synaptotagmin,  syntaxin,  and  Rab3a  are  abnormal  in  the  hippocampus 
of  AD,  but  synapsin  I,  SNAP25,  and  SV2  levels  are  normal  (175).  Thus,  presynaptic 
vesicles  appear  to  be  more  vulnerable  in  AD  than  the  presynaptic  membrane  that  con¬ 
tains  the  active  zone  where  vesicle  docking  occurs.  In  addition,  we  have  discovered  in 
individuals  with  AD  selective  abnormalities  in  the  levels  of  the  NR2B  subunit  of  the 
NMDA  receptor  in  the  hippocampus  as  well  as  abnormalities  in  NMDA  receptor 
phosphorylation  (176).  These  synaptic  molecule  defects  in  subjects  with  early  AD 
may  foreshadow  the  clinical  appearance  of  memory/cognitive  impairment.  Ulti¬ 
mately,  structural  loss  of  the  entire  synaptic  complex  could  contribute  to  the  atrophy 
of  the  cerebral  cortex  (i.e.,  cortical  volume  loss)  which  correlates  strongly  with  cog¬ 
nitive  decline  (177). 

4.2.  Cellular  Dynamics  of  Senile  Plaque  Formation  and  Amyloid 
Deposition  within  the  Brain  During  Aging 

Senile  plaques  (SP)  are  brain  lesions  that  occur  in  individuals  with  AD,  patients  with 
Down’s  syndrome  (DS),  and,  less  frequently,  in  people  aging  normally  (1,4,178,179, 
see  ref.  2  for  additional  references).  These  lesions  have  a  complex  composition,  con¬ 
sisting  of  dystrophic  neurites  (damaged  and  swollen  dendrites  or  axon  terminals),  acti¬ 
vated  astrocytes  and  microglia,  and  extracellular  deposits  of  insoluble  amyloid  fibrils 
(179,  see  ref.  2  for  additional  references).  These  fibrils  are  composed  of  a  4-kDa  pep¬ 
tide  (AP)  (180-182)  consisting  of  40-42  amino  acid  residues  (183).  This  protein  frag¬ 
ment  is  derived  proteolytically  from  the  amyloid  precursor  protein  (APP),  a  cell 
surface  protein  with  a  large  N-terminal  extracellular  domain  that  contains  22  residues 
of  Ap,  a  hydrophobic  membrane-spanning  region  including  the  transmembrane  portion 
of  the  Ap  region,  and  a  short  C-terminal  cytoplasmic  segment  (184-186).  The  APP 
gene  is  located  on  human  chromosome  21  (187-189),  and  mRNA  gene  products  are 
spliced  alternatively  to  generate  ~5  different  forms  of  APP  transcripts  and  protein  iso¬ 
forms  (184,189).  A  role  for  APP  in  the  pathogenesis  of  AD  is  supported  further  by  the 
identification  of  mutations  in  the  APP  gene  linked  to  early-onset  AD  in  some  families 
(169-171). 

The  functions  of  APP  are  still  not  well  defined,  although  it  appears  that  APP  func¬ 
tions  at  synapses  (2,190).  APP  is  an  abundant  and  ubiquitous  protein  within  CNS  and 
other  tissues.  However,  mice  deficient  in  APP  show  no  major  neurological  or  neu- 
ropathological  abnormalities  (191),  possibly  due  to  homologous  proteins.  APP  has 
structural  features  similar  to  some  cell  surface  receptors  (184)  and  may  be  a  G  protein- 
coupled  receptor  (192).  Secreted  and  nonsecreted  forms  of  APP  exist  (193,194),  with 
different  APP  derivatives  showing  neurotrophic  or  neurotoxic  actions.  APP  is  incorpo¬ 
rated  into  the  extracellular  matrix  ( 195 )  and,  thus,  may  have  roles  in  cell-cell  and  cell- 
substrate  adhesion  (193,196-199).  Furthermore,  APP  may  function  in  the  regulation  of 
neurite  outgrowth  (200-201),  perhaps  by  mediating  the  effects  of  nerve  growth  factor 
(202)  and  in  neuronal  and  glial  responses  to  brain  injury  (203-205). 
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In  cell  culture,  APP  normally  undergoes  constitutive  proteolytic  cleavage 
(186,190,193)  by  an  a-secretase,  an  enzyme  that  cleaves  APP  within  the  AP  region  at 
or  near  the  plasma  membrane  (206-208),  thereby  generating  secreted  forms  of  APP 
and  precluding  the  formation  of  full-length  AP  peptide  fragments  (206,208).  APP  is 
also  metabolized  by  an  endosomal-lysosomal  pathway  that,  unlike  the  a-secretase 
pathway,  yields  amyloidogenic  fragments  of  Ap  (209,210).  AP  can  be  formed  normally 
in  vivo  and  in  vitro  (211,212),  and  studies  of  cultured  human  cells  show  that  it  is  gen¬ 
erated  intracellularly  (213,214).  Although  Ap  has  been  shown  to  be  neurotoxic  in  cell 
culture,  a  causal  role  for  AP  in  neuronal  degeneration  in  vivo  remains  speculative.  A  p- 
secretase  cleaves  APP  at  the  N-terminus  of  Ap,  and  a  y-secretase  cleaves  APP  at  the  C- 
terminus  of  AP,  causing  the  formation  of  Ap  that  is  either  40  amino  acids  or  42  amino 
acids  long  (215).  This  pathway  for  APP  metabolism  is  found  within  the  endoplasmic 
reticulum  and  Golgi  apparatus  of  neurons  (216,217).  Interestingly,  presenilins,  which 
are  present  at  relatively  low  levels  in  brain  (218),  localize  to  the  endoplasmic  reticulum 
and  Golgi  apparatus  (219),  and  mutant  presenilins  promote  Ap42  generation  (220). 
Mutant  presenilin  is  processed  differently  than  normal  presenilin,  and  fragments  that 
are  normally  subject  to  endoproteolytic  cleavage  tend  to  accumulate  (221).  Thus, 
metabolism  of  APP  through  the  p-  and  y-secretase  pathways  may  be  promoted  by  pre¬ 
senilin- 1  and  presenilin-2  gene  mutations  linked  to  early  onset  familial  AD. 

We  and  others  have  shown  that  APP  is  expressed  by  neurons  and  by  subsets  of 
astroglia,  microglia,  and  vascular  endothelial  cells  (2,196,222-224).  The  most  promi¬ 
nent  neuronal  localization  of  APP  is  within  cell  bodies  and  dendrites  and  is  particularly 
enriched  postsynaptically  at  subsets  of  synapses  (2,205).  The  expression  of  APP  in 
nonneuronal  cells  in  brain  is  low  in  comparison  to  the  dominant  expression  of  APP 
within  neurons  and  their  processes.  It  appears  that  astroglia  and  microglia  constitu- 
tively  express  APP  at  low  levels  in  the  resting  state  (2,222).  However,  an  important 
finding  is  that  the  relative  enrichment  of  APP  within  these  neuroglial  cells  changes  in 
response  to  brain  injury  and  synaptic  abnormalities  (2,204).  This  idea  is  supported  by 
our  finding  that  APP  is  expressed  prominently  by  activated  astroglia  and  microglia 
within  SP  of  aged  nonhuman  primates  (2,224)  and  by  other  reports  (225)  showing  that 
APP  is  localized  to  astrocytes  in  SP  in  cases  of  AD.  Other  studies  have  shown  that  APP 
isoforms  containing  the  Kunitz  protease  inhibitor  domain  are  expressed  in  reactive 
astrocytes  in  early  stages  of  brain  damage  (204).  Because  levels  of  APP  in  some  neu¬ 
rons  and  nonneuronal  cells  are  increased  by  the  cytokine  interleukin- 1  (226),  it  is  likely 
that  the  expression  of  APP  is  inducible  in  glia  when  these  cells  are  activated  in 
response  to  neuronal  injury. 

Several  hypotheses  for  AP  deposition  and  SP  formation  have  been  presented.  The 
genesis  of  SP  may  begin  with  the  formation  of  extracellular  AP  before  the  degeneration 
of  cellular  elements  within  these  lesions  (227,228).  Alternatively,  AP  may  be  derived 
from  degenerating  axonal  nerve  terminals  or  dendrites  containing  APP  that  evolve  into 
neurite-rich  foci  that  form  AP  at  the  cell  plasma  membrane  by  aberrant  processing  of 
APP  within  neurons  (181,223,229).  In  addition,  invading  reactive  microglia 
(2,179,230,231)  and  astroglia  (2)  as  well  as  capillaries  (232)  may  actively  produce  AP 
from  APP.  In  one  scheme  for  SP  formation,  AP  (in  a  nonfibrillar  form  and  then  a  fibril¬ 
lar  form)  is  deposited  before  neuronal  neuritic  damage  occurs,  and  thus  is  a  cause  of 
neuronal  degeneration  (233,234).  We  have  not  identified  extracellular  AP  (even  as 
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sparse,  scattered  bundles  of  fibrils)  before  the  appearance  of  synaptic  abnormalities  and 
dendritic/axonal  neurites  (2,224).  We  believe  that  astroglia  and  microglia  are  primary 
generators  of  AP  deposits  in  the  aging  brain  (2,224).  In  early  diffuse  plaques,  we  have 
identified  AP-containing  transformed  astrocytes  and  microglia  after  neuritic  defects 
have  appeared.  Our  experiments  with  aging  nonhuman  primates  are  concordant  with 
studies  of  SP  in  the  cerebral  cortex  from  cases  of  AD  (179,230). 

These  studies  reveal  that  SP  are  dynamic  brain  lesions  that  evolve  from  early  synap¬ 
tic  defects  within  the  neuropil  to  mature  plaques  and  extracellular  deposits  of  Ap.  The 
staging  of  these  lesions  is  thought  to  be  the  degeneration  of  neuritic  structures,  fol¬ 
lowed  by  the  attraction  of  reactive  glia,  and  the  subsequent  deposition  of  extracellular 
Ap  derived  from  microglia  (2,179,230)  or  astrocytes  (2).  Our  studies  demonstrate  that 
structural  and  biochemical  perturbations  within  neuronal  and  nonneuronal  cells  occur 
before  the  deposition  of  extracellular  AP  fibrils  (2,224).  Furthermore,  our  results  sug¬ 
gest  that  focal  abnormalities  in  synaptic  contacts  within  the  neuropil  (synaptic  disjunc¬ 
tion)  may  initiate  this  complex  series  of  events  resulting  in  the  formation  of  diffuse  SP 
and  deposits  of  Ap.  In  response  to  synaptic  disjunction  in  the  aged  brain,  astroglia  and 
microglia  produce  AP  (2).  The  molecular  pathology  that  we  and  others  have  identified 
at  the  synaptic  level  in  humans  with  AD  (5,175,176,235)  may  be  related  to  SP  lesions 
and  Ap  deposits.  For  example,  we  found  a  strong  inverse  correlation  between  synapto- 
physin  loss  and  the  density  of  neuritic  and  diffuse  plaques  in  hippocampus.  It  is  not 
surprising  to  find  an  inverse  correlation  between  SP  density  and  synaptophysin 
immunoreactivity,  because  synaptic  disjunction  in  the  neuropil  and  abnormal  APP  pro¬ 
cessing  within  neuroglia  may  be  early  events  in  the  formation  of  SP  (2,224). 

4.3.  Oxidative  Stress  in  the  AD  Brain 

Neurons  have  a  particularly  high  risk  for  structural  damage  caused  by  ROS,  because 
of  high  rates  of  oxygen  consumption  and  high  contents  of  polyunsaturated  fatty  acids 
that  are  susceptible  to  lipid  peroxidation;  therefore,  a  free  radical  hypothesis  has  been 
suggested  as  a  mechanism  for  compromised  CNS  functioning  with  aging  (3,11,47,66). 
Some  experimental  evidence  is  available  to  support  this  argument.  For  example,  super¬ 
oxide  dismutase-1  (SOD1)  activity  is  elevated  in  fibroblasts  from  individuals  with 
familial  AD  (236),  and  the  SOD1  gene  is  located  on  human  chromosome  21  (237), 
which  individuals  with  DS  possess  an  extra  copy,  and  a  gene  dosage  effect  on  lipid  per¬ 
oxidation  has  been  observed  in  brain  tissue  of  patients  with  DS  (238).  ROS  have  been 
implicated  in  the  induction  of  neuronal  death  by  apoptosis  in  DS  (239)  and  in  in  vitro 
(58,59)  and  in  vivo  models  (11,69,70).  Mitochondria  may  participate  in  the  effector 
stage  of  apoptosis  by  directly  providing  a  rich  source  of  ROS  or  by  changes  in  mito¬ 
chondrial  membrane  cell  death  proteins  that  prevent  apoptosis  by  an  antioxidant  mech¬ 
anism,  or  that  supress  apoptosis  by  blocking  release  of  cytochrome  c  (a  required 
molecule  for  apoptosis  in  cell  culture  systems)  or  by  regulating  membrane  potential 
and  volume  homeostasis  of  mitochondria  (for  references  see  10,11,69,71). 

Cellular  oxidative  stress  and  antioxidant  enzyme  regulation  are  relevant  to  age- 
related  neurodegenerative  disorders  because  abnormalities  in  antioxidant  enzyme  sys¬ 
tems  (e.g,,  superoxide  dismutase)  and  oxidative  injury  may  provide  mechanisms  for 
neuronal  degeneration.  Cytosolic  copper/zinc-superoxide  dismutase  (SOD1)  and  mito¬ 
chondrial  manganese-superoxide  dismutase  (SOD2)  are  localized  predominantly  to 
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neocortical  and  hippocampal  pyramidal  neurons,  but  are  scarcely  seen  in  glial  cells  in 
normal  human  brain  (3).  In  AD  and  DS,  the  cellular  expressions  of  these  two  forms  of 
SOD  are  very  different  from  normal  individuals  (3).  SOD1  is  highly  enriched  in  pyra¬ 
midal  neurons  undergoing  degeneration,  whereas  SOD2  is  more  enriched  in  reactive 
astrocytes  than  in  neurons.  In  SP,  astrocytes  highly  enriched  in  SOD2  surround  SOD1- 
enriched  neurites.  Some  pyramidal  neurons  coexpress  SOD  and  the  cytoskeletal  pro¬ 
tein  tau,  and  some  SOD  1 -enriched  structures  in  SP  are  tau-positive  (3).  Microglia 
infrequently  show  expression  of  high  levels  of  superoxide  dismutase.  These  findings  in 
AD  and  DS  support  a  role  for  oxidative  stress  in  neuronal  degeneration  and  SP  forma¬ 
tion.  The  differential  localizations  of  SOD1  and  SOD2  in  sites  of  degeneration  in  dis¬ 
eased  brain  suggest  that  the  responses  of  cells  to  oxidative  stress  is  antioxidant 
enzyme-specific  and  cell  type-specific  and  that  these  two  forms  of  superoxide  dismu¬ 
tase  may  have  different  functions  in  brain  antioxidant  mechanisms  in  response  to 
injury. 

A  glial  expression  of  SOD  has  been  reported  in  AD  brain  (240).  Our  studies  have 
shown  that  SOD  protein  is  rarely  seen  in  glial  cells  in  control  brain  (3).  However,  in 
AD  and  DS  brain,  SOD2  is  induced  strongly  in  reactive  astrocytes  in  cerebral  cortex 
and  white  matter.  This  change  in  the  astroglial  expression  of  SOD2  in  the  brains  of  AD 
and  DS  cases  is  a  major  difference  between  control  and  diseased  tissue,  and  is  possibly 
due  to  metabolic  activation  of  reactive  astrocytes,  because  SOD2  is  localized  within  the 
mitochondrial  matrix  (241).  SOD  1 -expressing  astrocytes  are  also  seen,  but  this  expres¬ 
sion  is  weaker  than  that  of  SOD2.  Because  SOD2  mRNA  is  induced  by  tumor  necrosis 
factor-a  and  interleukin- 1,  SOD2  is  thought  to  have  a  cytoprotective  function  against 
various  microglia/macrophage-derived  inflammatory  mediators  (242,243)  that  may 
participate  in  the  pathogenesis  of  AD  and  DS  (244).  Our  findings  that  SOD2  may  be 
downregulated  in  pyramidal  neurons  and  upregulated  in  reactive  astrocytes  in  AD  and 
DS  brain  (3)  may  relate  to  the  selective  cytotoxicity  of  microglia-derived  cytokines 
(e.g.,  tumor  necrosis  factor-a  and  interleukin- 1)  (245).  Activated  microglia  secrete 
superoxide  radicals  (246),  and  stimulated  neutrophils  disrupt  SOD  structure  in  cell  cul¬ 
ture  (247),  but  reactive  microglia-macrophage  cells  that  are  widely  distributed  in  AD 
and  DS  cases,  show  scarce  evidence  for  expression  of  SOD  (3).  Thus,  modulation  of 
glial  expression  of  SOD  appears  to  be  relatively  selective  for  astrocytes,  because  in  AD 
and  DS,  astroglia  show  the  greatest  increase  in  SOD2  expression. 

4.4.  Synaptic  and  Astroglial  Pathobiology  in  ALS 

ALS  is  a  disease  that  causes  progressive  weakness,  muscle  atrophy,  and  eventual 
paralysis.  Death  occurs  within  3  to  5  years  of  onset  and  is  characterized  neuropath’olog- 
ically  by  progressive  degeneration  of  upper  and  lower  motor  neurons  in  the  brain  and 
spinal  cord  (13,248).  The  mechanisms  leading  to  the  selective  degeneration  of  motor 
neurons  in  ALS  are  not  known.  Some  forms  of  ALS  are  inherited  (8,9).  Mutant  forms 
of  SOD1  have  been  identified  in  a  small  subset  (10-20%)  of  individuals  with  familial 
ALS  which  occurs  in  5-10%  of  all  patients  with  ALS  (8,9).  Forced  expression  of 
mutant  forms  of  the  gene  encoding  SOD1  results  in  degeneration  of  motor  neurons  in 
mice  (249,250).  A  toxic  gain  in  function  of  mutant  SOD1  might  initiate  this  neurode¬ 
generation  (249,251).  In  cultured  cells,  expression  of  mutant  SOD1  can  induce  abnor¬ 
malities  in  the  production  of  ROS  and  neuronal  apoptosis  (251,252).  Oxidative  stress 
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resulting  from  downregulation  of  normal  SOD1  can  also  cause  apoptosis  in  cell  culture 
(253).  Other  possible  causes  for  neuronal  death  in  ALS  are  neurofilament  abnormali¬ 
ties  (254-256),  defective  uptake  of  glutamate  by  astroglia  (6,7)  leading  to  GluR-medi- 
ated  excitotoxic  neuronal  death,  or  deficiencies  in  neurotrophic  factors  (257). 

We  have  found  (10)  that  the  degeneration  of  motor  neurons  in  sporadic  and  familial 
ALS  is  different  structurally  from  the  motor  neuron  degeneration  found  in  transgenic 
mice  overexpressing  the  familial  ALS  mutant  forms  of  SOD1  (249,250)  and  in  trans¬ 
genic  mice  overxpressing  normal  and  mutant  neurofilament  proteins  (254-256).  SOD1 
and  neurofilament  transgenic  mouse  models  of  ALS  have  not  revealed  structural  or  bio¬ 
chemical  changes  for  apoptotic  death  of  motor  neurons  similar  to  those  we  have  dis¬ 
covered  in  humans  with  ALS  (10).  In  fact,  it  is  still  uncertain  whether  motor  neurons  in 
these  mouse  models  die  or  whether  they  remain  in  a  severely  atrophic  state.  The  sur¬ 
vival  of  mice  with  familial  ALS  mutations  is  prolonged  when  crossed  with  mice  over¬ 
expressing  Bcl-2  (258)  or  a  dominant  negative  inhibitor  of  caspase-1  (259),  although 
the  degeneration  of  motor  neurons  is  not  prevented  (258),  suggesting  that  neuronal 
degeneration  in  these  mice  is  not  apoptosis  controlled  by  programmed  cell  death  mech¬ 
anisms.  The  prominent  vacuolar  and  edematous  degeneration  of  motor  neurons  in  mice 
overexpressing  mutant  SOD1  (249,250)  or  neurofilament  protein  (254-257)  more 
closely  resembles  excitotoxic  neurodegeneration  (45)  or  transsynaptic  neuronal  atro¬ 
phy  (but  not  death)  in  response  to  deafferentation  (260). 

We  and  others  have  proposed  that  excitotoxicity  may  explain  the  selective  neuronal 
cell  death  in  ALS  (6, 7,11,42,47).  This  hypothesis  was  formulated  based  on  background 
information  showing  that  abnormal  activation  of  GluR  can  kill  neurons  (41-43)  and 
that  exogenous  glutamate  analogs  may  be  responsible  for  the  damage  to  upper  motor 
neurons  in  lathyrism  via  actions  at  specific  GluRs  (42,261).  Subsequently,  studies 
revealed  that  serum  and  cerebrospinal  fluid  concentrations  of  glutamate  are  increased 
in  some  patients  with  sporadic  ALS  (262,263),  but  this  change  was  not  found  in  other 
studies  (264,265).  In  more  recent  studies,  it  has  been  shown  that  spinal  cord  and 
affected  brain  regions  of  patients  with  sporadic  ALS  have  reduced  high-affinity  gluta¬ 
mate  uptake  (6)  and  a  selective  reduction  in  GLT1  (7).  It  has  also  been  reported  that 
aberrant  splicing  of  astroglial  GLT1  mRNA  is  ALS -specific  and  is  the  cause  for 
reduced  expression  of  GLT1  protein  and  even  possibly  the  cause  of  motor  neuron 
degeneration  (266).  However,  defective  astroglial  glutamate  uptake  and  loss  of  GLT1 
occur  also  in  brain  regions  selectively  vulnerable  in  AD  (267),  in  brain  regions  vulner¬ 
able  to  hypoxia-ischemia  (83,84),  and  even  in  brain  regions  that  do  not  develop  neu¬ 
ronal  degeneration  after  axotomy  and  deafferentation  in  experimental  animals  (89,90). 
In  addition,  splicing  of  GLT1  mRNA  transcripts  is  highly  variable  in  human  CNS  tis¬ 
sue,  and  variant  transcipts  considered  to  be  “aberrant”  are  found  in  normal  individuals 
and  in  other  species  (268-270).  Furthermore,  the  degeneration  of  motor  neurons  in 
individuals  with  ALS  is  structurally  very  different  from  excitotoxic  neuronal  degenera¬ 
tion  in  the  adult  CNS  ( 10).  Thus,  it  is  unlikely  that  the  abnormalities  in  astroglial  GLT1 
and  GluR-mediated  excitotoxicity  are  the  specific  causes  for  motor  neuron  degenera¬ 
tion  in  ALS. 

Over  the  years  it  has  become  increasingly  clear  that  selective  neuronal  vulnerability 
in  ALS  is  not  simply  related  to  excitotoxic  processes.  Neither  differential  subunit  com¬ 
positions  of  ion  channel  GluRs  (AMPA  and  NMDA  receptors)  nor  differential  expres- 


Synaptic  Pathobiology  and  Neurodegeneration 


461 


sions  of  glutamate  transporters  appear  to  explain  sufficiently  the  mechanisms  that  dic¬ 
tate  the  selective  vulnerability  of  neurons  in  motor  cortex  and  motor  neurons  in  brain¬ 
stem  and  spinal  cord  in  ALS.  This  conclusion  is  based  partly  on  glutamate 
receptor/transporter  expression  and  cellular  localization  studies  in  animal  and  human 
CNS  performed  by  us  (35,37,38,40,271,273)  and  by  others  (36,274,275).  The  founda¬ 
tion  for  the  excitotoxicity  theory  in  the  pathogenesis  of  ALS  is  built  on  experiments 
showing  a  selective  loss  of  the  astroglial  glutamate  transporter  GLT1  in  vulnerable 
regions  in  ALS  (7).  Nevertheless,  this  observation  is  still  indirect  evidence  for  GluR- 
mediated  excitotoxicity,  and  the  explanations  for  this  abnormality  and  the  disease 
specificity  for  motor  neurons  are  controversial.  It  is  also  still  uncertain  whether  this 
abnormality  is  related  to  the  causes  or  the  consequences  of  the  disease.  Most  patients 
with  ALS  are  maintained  on  mechanical  ventilation,  as  a  means  of  relieving  symptoms 
of  chronic  hypoventilation  and  for  prolonging  life  (276),  but  patients  with  ALS  die 
eventually  from  respiratory  insufficiency  (10,276).  In  fact,  it  has  been  argued  that  rilu- 
zole,  a  drug  that  may  improve  the  survival  of  ALS  patients,  acts  as  a  Na+  channel 
blocker  and  increases  resistance  to  hypoxia  (by  reducing  energy  demand),  not  by  anti- 
excitotoxic  actions  (277).  In  support  of  this  recent  interpretation  (277),  we  have 
observed  in  a  physiologically  well-characterized  animal  model  of  cerebral  hypoxia- 
asphyxia  that  regionally  selective  abnormalities  occur  in  astroglial  GLT1  expression 
(83,84).  Moreover,  our  new  data  reveal  that  non-NMDA  and  NMDA  GluR  toxicity  in 
adult  CNS  neurons  is  structurally  different  from  the  pattern  seen  in  ALS  (10,11,45). 
Thus,  it  is  possible  that  changes  in  astroglial  glutamate  transporters  in  individuals  with 
ALS  are  consequences  of  neurodegeneration,  or,  alternatively,  these  changes  are 
related  to  premortem  agonal  state. 

We  have  found  recently  in  adult  animal  models  of  peripheral  nerve  avulsion  that 
motor  neuron  degeneration  is  induced  by  oxidative  stress  and  is  apoptosis  (70).  We 
have  also  found  that  motor  neuron  death  in  ALS  is  apoptosis  that  may  be  mediated  by 
programmed  cell  death  mechanisms  (9,10,282).  The  neuronal  degeneration  in  ALS 
closely  resembles  neuronal  apoptosis  induced  by  target  deprivation  in  the  mature  CNS 
(10,1 1,69,70)  and  could  be  related  to  the  deficiency  in  neurotrophic  factors  that  is 
found  in  individuals  with  ALS  (257).  Some  of  these  neurotrophic  factors  are  produced 
by  neuroglia.  Trophic  factor  deprivation-induced  motor  neuron  apoptosis  in  cell  culture 
and  in  developing  animals  (278-280)  is  caspase-  Bax-,  and  p53-dependent,  as  might  be 
the  case  for  motor  neuron  apoptosis  in  ALS  (10,281,282).  Our  model  of  motor  neuron 
apoptosis  in  the  spinal  cord  will  be  useful  for  identifying  the  synaptic  and  molecular 
pathobiology  of  neuronal  apoptosis  in  the  adult  CNS  and  thereby  will  provide  insight 
into  the  mechanisms,  including  the  roles  for  neuroglial-derived  trophic  factors,  for  the 
neuronal  degeneration  in  ALS  (281,282). 
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